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ABSTRACT

The RELAP5-3[¥ code has been developed for best-estimate transient simulation of light water
reactor coolant systems during postulated accidents. The code models the coupled behavior of the reactor
coolant system and the core for loss-of-coolant accidents and operational transients such as anticipated
transient without scram, loss of offsite power, loss of feedwater, and loss of flow. A generic modeling
approach is used that permits simulating a variety of thermal hydraulic systems. Control system and
secondary system components are included to permit modeling of plant controls, turbines, condensers, and
secondary feedwater systems.

RELAP5-30° code documentation is divided into six volumes: Volume | presents modeling theory
and associated numerical schemes; Volume Il details instructions for code application and input data
preparation; Volume Ill presents the results of developmental assessment cases that demonstrate and

verify the models used in the code; Volume IV discusses in detail RELAP5-8Ddels and correlations;
Volume V presents guidelines that have evolved over the past several years through the use of the

RELAP5-30° code; and Volume VI discusses the numerical scheme used in RELAR5-3D
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EXECUTIVE SUMMARY

The RELAPS5 series of codes has been developed at the Idaho National Engineering and
Environmental Laboratory under sponsorship by the U.S. Nuclear Regulatory Commission, the U.S.
Department of Energy, and a consortium of several countries and domestic organizations that were
members of the International Code Assessment and Applications Program (ICAP) and its successor, the
Code Applications and Maintenance Program (CAMP). Specific applications of the code have included
simulations of transients in light water reactors (LWR) systems such as loss of coolant, anticipated
transients without scram (ATWS), and operational transients such as loss of feedwater, loss of offsite

power, station blackout, and turbine trip. RELAP53D the latest in the RELAPS series of codes, is a
highly generic code that, in addition to calculating the behavior of a reactor coolant system during a
transient, can be used for simulating of a wide variety of hydraulic and thermal transients in both nuclear
and nonnuclear systems involving mixtures of vapor, liquid, noncondensable gases, and nonvolatile solute.

The mission of the RELAP5-3 development program was to develop a code version suitable for
the analysis of all transients and postulated accidents in LWR systems, including both large- and
small-break loss-of-coolant accidents (LOCAS) as well as the full range of operational transients.

The RELAP5-3[¥ code is based on a nonhomogeneous and nonequilibrium model for the
two-phase system that is solved by a fast, partially implicit numerical scheme to permit economical

calculation of system transients. The objective of the RELAP@-3EDeveIopment effort from the outset

was to produce a code that included important first-order effects necessary for accurate prediction of
system transients but that was sufficiently simple and cost effective so that parametric or sensitivity studies
are possible.

The code includes many generic component models from which general systems can be simulated.
The component models include pumps, valves, pipes, heat releasing or absorbing structures, reactor point
kinetics, electric heaters, jet pumps, turbines, separators, accumulators, and control system components. In
addition, special process models are included for effects such as form loss, flow at an abrupt area change,
branching, choked flow, boron tracking, and noncondensable gas transport.

The system mathematical models are coupled into an efficient code structure. The code includes
extensive input checking capability to help the user discover input errors and inconsistencies. Also
included are free-format input, restart, renodalization, and variable output edit features. These user
conveniences were developed in recognition that generally the major cost associated with the use of a
system transient code is in the engineering labor and time involved in accumulating system data and
developing system models, while the computer cost associated with generation of the final result is usually
small.

The development of the models and code versions that constitute RELAP5-B&s spanned
approximately 20 years from the early stages of RELAPS:3Dumerical scheme development to the

present. RELAP5-35 represents the aggregate accumulation of experience in modeling core behavior
during severe accidents, two-phase flow process, and LWR systems. The code development has benefitted
from extensive application and comparison to experimental data in the LOFT, PBF, Semiscale, ACRR,
NRU, and other experimental programs.
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The RELAP5-3[% version contains several important enhancements over previous versions of the

code. The most prominent attribute that distinguishes the RELAP3-2Dde from the previous versions

is the fully integrated, multi-dimensional thermal- hydraulic and kinetic modeling capability. This removes
any restrictions on the applicability of the code to the full range of postulated reactor accidents.
Enhancements include a new matrix solver for 3D problems, new thermodynamic properties for water, and

improved time advancement for greater robustness. The multi-dimensional component in RELRP5-3D
was developed to allow the user to more accurately model the multi-dimensional flow behavior that can be
exhibited in any component or region of a LWR system. Typically, this will be the lower plenum, core,
upper plenum and downcomer regions of an LWR. However, the model is general, and is not restricted to
use in the reactor vessel. The component defines a one, two, or three- dimensional array of volumes and
the internal junctions connecting them. The geometry can be either Cartesian (x, y, z) or cylindfical (r,

z). An orthogonal, three-dimensional grid is defined by mesh interval input data in each of the three

coordinate directions. The multi-dimensional neutron kinetics model in RELAP%-3® based on the
NESTLE code, which solves the two or four group neutron diffusion equations in either Cartesian or
hexagonal geometry using the Nodal Expansion Method (NEM) and the non-linear iteration technique.
Three, two, or one-dimensional models may be used. Several different core symmetry options are
available including quarter, half, and full core options for Cartesian geometry and 1/6, 1/3, and full core
options for hexagonal geometry. Zero flux, non-reentrant current, reflective, and cyclic boundary
conditions are available. The steady-state eigenvalue and time dependent neutron flux problems can be

solved by the NESTLE code as implemented in RELAP523DThe new Border Profiled Lower Upper
(BPLU) matrix solver is used to efficiently solve sparse linear systems of the form AX = B. BPLU is
designed to take advantage of pipelines, vector hardware, and shared-memory parallel architecture to run
fast. BPLU is most efficient for solving systems that correspond to networks, such as pipes, but is efficient
for any system that it can permute into border-banded form. Speed-ups over the default solver are achieved

in RELAP5-30F running with BPLU on multi-dimensional problems, for which it was intended. For
almost all one-dimensional problems, the default solver is still recommended.

The RELAP5-3[¥ code manual consists of six separate volumes. The modeling theory and
associated numerical schemes are described in Volume I, to acquaint the user with the modeling base and
thus aid in effective use of the code. Volume Il contains more detailed instructions for code application
and specific instructions for input data preparation.

Volume 1l presents the results of developmental assessment cases run with RELARPSeD
demonstrate and verify the models used in the code. The assessment matrix contains phenomenological
problems, separate-effects tests, and integral systems tests.

Volume IV contains a detailed discussion of the models and correlations used in RELAP548D
presents the user with the underlying assumptions and simplifications used to generate and implement the
base equations into the code so that an intelligent assessment of the applicability and accuracy of the

resulting calculations can be made. Thus, the user can determine whether RELRPSs3Eapable of

modeling a particular application, whether the calculated results will be directly comparable to
measurement, or whether they must be interpreted in an average sense, and whether the results can be used
to make quantitative decisions.

Volume V provides guidelines that have evolved over the past several years from applications of the
RELAP5 code at the Idaho National Engineering and Environmental Laboratory, at other national
laboratories, and by users throughout the world.
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Volume VI discusses the numerical scheme in RELAPS-3D
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NOMENCLATURE

cross-sectional area @) coefficient matrix in hydrodynamics, coefficient in
pressure and velocity equations

coefficient in heat conduction equation at boundaries
throat area (1)

speed of sound (m/s), interfacial area per unit volum@&)(rooefficient in gap
conductance, coefficient in heat conduction equation, absorption coefficient

coefficient matrix, drag coefficient, coefficient in pressure and velocity equations
coefficient in heat conduction equation at boundaries
body force in x coordinate direction (rﬁ)/s

coefficient of virtual mass, general vector function, coefficient in pressure and
velocity equations, delayed neutron precursors in reactor kinetics, concentration,
pressure-dependent coefficient in Unal’s correlation (1/kes)

coefficient in noncondensable energy equation (J/kgeK)
constants in drift flux model

specific heat at constant pressure (J/kgeK)

drag coefficient

coefficient in heat conduction equation, coefficient in new time volume-average
velocity equation, constant in CCFL model

coefficient of relative Mach number, diffusivity, pipe diameter or equivalent
diameter (hydraulic diameter) (m), heat conduction boundary condition matrix,
coefficient in pressure and velocity equations

coefficient in noncondensable energy equation (J/&g-K
coefficient of heat conduction equation at boundaries
coefficient in heat conduction equation, droplet diameter (m)
energy dissipation function (W#Hn

total energy (U + €/2) (J/kg), emissivity, Young’s modulus, term in iterative heat
conduction algorithm, coefficient in pressure equation

interfacial roughness

term in iterative heat conduction algorithm, gray-body factor with subscript,
frictional loss coefficient, vertical stratification factor

interphase drag coefficient ffkges)
wall drag coefficients (liquid, vapor/gas}Xs

interphase friction factor, vector for liquid velocities in hydrodynamics
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mass flux (kg/rs), shear stress, gradient, coefficient in heat conduction, vector
guantity, fraction of delayed neutrons in reactor kinetics

Grashof number

gravitational constant (mfs temperature jump distance (m), vector for vapor/gas
velocities in hydrodynamics

elevation (m), volumetric heat transfer coefficient (W/Rynhead (m)
form or frictional losses (liquid, vapor/gas) (m/s)

specific enthalpy (J/kg), heat transfer coefficient (WKI), energy transfer
coefficient forT g, head ratio

dynamic head loss (m)

identity matrix, moment of inertia (N-mfs
J-1

junction velocity (m/s)

superficial velocity (m/s)

energy form loss coefficient

Kutateladze number

thermal conductivity (W/meK)

Boltzmann constant

length, limit function, Laplace capillary length

Mach number, molecular weight, pump two-phase multiplier, mass transfer rate,
mass (kQ)

constant in CCFL model

number of system nodes, number density @lmpump speed (rad/s),
nondimensional number

Nusselt number

unit vector, order of equation system

pressure (Pa), reactor power (W), channel perimeter (m), turbine power (J/s)
relates reactor power to heat generation rate in heat structures

wetted perimeter (m), particle probability function

Prandtl number

volumetric heat addition rate (Wﬁ)} space dependent function, volumetric flow
rate (n¥/s)

heat transfer rate (W), heat flux (WAm
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radius (m), surface roughness in gap conductance, radiation resistance term,
nondimensional stratified level height

Rayleigh number

Reynolds number

the particle Reynolds number

reaction fraction for turbine, radial position

Chen’s boiling suppression factor, stress gradient, specific entropy (J/kg*K), shape
factor, real constant, source term in heat conduction or reactor kinetics (W)

temperature (K), trip

critical temperature (K)

reduced temperature (K)

time (s)

specific internal energy (J/kg), vector of dependent variables, velocity (m/s)
radial displacement in gap conductance (m)

volume (n?), specific volume (Rikg), control quantity

numerical viscosity terms in momentum equation&{Hh

numerical viscosity terms in momentum equations (liquid, vapor/ggles)?Xm

mixture velocity (m/s), phasic velocity (m/s), flow ratio, liquid surge line velocity
(m/s)

choking velocity (m/s)

weight of valve disk, weighting function in reactor kinetics, relaxation parameter
in heat conduction, shaft work per unit mass flow rate, mass flow rate

Weber number

humidity ratio

quality, static quality, mass fraction, conversion from MeV/s to watts
spatial coordinate (m), vector of hydrodynamic variables

control variable

two-phase friction correlation factor, function in reactor kinetics

Symbols

void fraction, subscripted volume fraction, angular acceleration @)ad/s
coefficient for least-squares fit, speed ratio, thermal diffusivit§/gnUnal’s term

coefficient of isobaric thermal expansion'%b{ effective delayed neutron fraction
in reactor kinetics, constant in CCFL model
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AP
AT
At
AX

>

O 4 M < T

volumetric mass exchange rate (kgfs)
exponential function in decay heat model
dynamic pressure loss (Pa)

temperature difference

increment in time variable (s)

increment in spatial variable (m)

area ratio, truncation error measure, film thickness (m), impulse function,
Deryagin number

coefficient, strain function, emissivity, tabular function of area ratio, surface
roughness, wall vapor generation/condensation flag

efficiency, bulk/saturation enthalpy flag

relaxation time in correlation fdr, angular position (rad), discontinuity detector
function

coefficient of isothermal compressibility (Pa
prompt neutron generation time, Baroczy dimensionless property index

eigenvalue, interface velocity parameter, friction factor, decay constant in reactor
kinetics

viscosity (kg/mes)

kinematic viscosity (nz{s), Poisson’s ratio
exponential function, RMS precision

3.141592654

density (kg/m), reactivity in reactor kinetics (dollars)
fission cross-section

depressurization rate (Pa/s)

surface tension (J/f)y stress, flag used in heat conduction equations to indicate
transient or steady-state

shear stresses (N), torque (N-m)
specific volume (rfkg)

donored property, Lockhart-Martinelli two-phase parameter, neutron flux in
reactor kinetics, angle of inclination of valve assembly, elevation angle,
velocity-dependent coefficient in Unal’s correlation

Lockhart-Martinelli function
coefficient, fission rate (number/s)

angular velocity, constant in Godunov solution scheme
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Subscripts
annular-mist to mist flow regime transition
average value
liquid film in annular-mist flow regime
bubbly-to-slug flow regime transition
bubble, boron, bulk
bubbles
value appropriate for bundle geometry
value at critical heat flux condition
value for convective boiling regime

vena contract, continuous phase, cladding, critical property, cross-section,
condensation

value for condensation process

vapor/gas core in annular-mist flow regime

critical property or condition

value for crossflow

cylinder

drive line, vapor/gas dome, discharge passage of mechanical separator
value at lower end of slug to annular-mist flow regime transition region
droplet, delay in control component

droplets

droplet

equilibrium, equivalent quality in hydraulic volumes, value ring exit, elastic
deformation, entrainment

wall friction, fuel

liquid phase, flooding, film, force, flow

forced convection flow regime

phasic difference (i.e., vapor/gas term-liquid term)
flow

frictional

gas superficial
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g

¢]

H

HE

h, hy, hydro
high

I

IAN

i, j+1, j-1
K

k

L

LS

I

lev, level
lim

low

m

min

POOL

pipe

REG

SA

vapor/gas phase, gap
drift velocity
head
homogeneous equilibrium
hydraulic
value at upper limit of transition region
interface
inverted annular flow regime
interface, index
spatial noding indices for junctions
spatial noding index for volumes
iteration index in choking model
spatial noding index for volume, laminar, value based on appropriate length scale
liquid superficial
left boundary in heat conduction
value at two-phase level
limiting value
value at lower limit of transition region
mixture property, motor, mesh point
minimum value
noncondensable component of vapor/gas phase
reference value
value for pool boiling regime
partial pressure of vapor, particle, phase index
cross-section of flow channel
rated values
flow regime identifier
relative Mach number, right boundary in heat structure mesh
suction region
value at upper end of slug to annular-mist flow regime transition

vapor component of vapor/gas phase, superheated, superficial
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sat saturated quality, saturation

sb small bubble

sm Sauter mean value

spp value based on vapor partial pressure

sppb value based on vapor partial pressure in the bulk fluid
spt value based on vapor/gas total pressure

sr surface of heat structure

st stratified

std standard precision

T point of minimum area, turbulent

B transition boiling

Tb Taylor bubble

t total pressure, turbulent, tangential, throat

tt value for turbulent liquid and turbulent vapor/gas

up upstream quantity

\ mass mean Mach number, vapor/gas quantity, valve
w wall, liquid

1 upstream station, multiple junction index, vector index
lo single-phase value

2 downstream station, multiple junction index, vector index
20 two-phase value

T torque

] viscosity

00 infinity

Superscripts

B bulk liquid

f value due to film flow process

e value due to entrainment precess

exp old time terms in velocity equation, used to indicate explicit velocities in choking
max maximum value
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min

n, n+l

* N g 0o @m o

minimum value

time level index

initial value

real part of complex number, right boundary in heat conduction
saturation property, space gradient weight factor in heat conduction
wall

vector index

total derivative of a saturation property with respect to pressure, local variable,
bulk/saturation property

derivative

donored quantity

flux quantity, i.e. value per unit area per unit time

unit momentum for mass exchange, intermediate time variable

linearized quantity, quality based on total mixture mass
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1 INTRODUCTION

Volume IV is intended to enhance the information presented in Volumes | and Il of this document,
which provide a detailed explanation of the code contents and its structure, its input requirements, and the
interpretation of the code output. The purpose of this document is to provide the user with quantitative

information addressing the physical basis for the RELAP&:3Bomputer code, not only as documented
in the other code manuals but also as actually implemented in the FORTRAN coding. The specific version

of the code being discussed is RELAP53D

The information in this document allows the user to determine whether RELAI@S-BDEapabIe of
modeling a particular application, whether the calculated result will directly compare to measurements or
whether they must be interpreted in an average sense, and whether the results can be used to make
guantitative decisions. Wherever possible, the other code manual volumes are referenced rather than repeat
the discussion in this volume.

This introduction briefly describes the RELAP5-8Dcode, presenting some of the history of the
RELAPS5 development leading to the current code capabilities and structure. The code structure is then
discussed. The structure is significant, for it affects the time at which each of the calculated parameters is
determined and gives the reader an understanding of the order in which a calculation proceeds and the
manner in which transient parameters are passed from one portion of the calculational scheme to the next.
The scope of the document is presented followed by a description of the document structure, which closely
relates to the code structure.

1.1 Development of RELAP5-3D ©

The RELAP5-3[¥ code version is a successor to the RELAP5/MOD3 ¢ddewhich was
developed jointly by the Nuclear Regulatory Commission and consortium consisting of several countries
that were members of the Code Applications & Maintenance Program (CAMP). Department of Energy

sponsors of the code enhancements in RELAPS-3iclude  Savannah River Laboratory, Bettis Atomic
Power Laboratory, and the Laboratory Directed Research and Development Program at the INEEL. The

RELAP5-30° version contains several important enhancements over previous versions of the code. The

most prominent attribute that distinguishes the RELAP523Bode from the previous versions is the fully
integrated, multi-dimensional thermal- hydraulic and kinetic modeling capability. This removes any
restrictions on the applicability of the code to the full range of postulated reactor accidents. Enhancements
include a new matrix solver for 3D problems, new thermodynamic properties for water, and improved time

advancement for greater robustness. The multi-dimensional component in RELAP5a23 developed

to allow the user to more accurately model the multi-dimensional flow behavior that can be exhibited in
any component or region of a LWR system. Typically, this will be the lower plenum, core, upper plenum
and downcomer regions of an LWR. However, the model is general, and is not restricted to use in the
reactor vessel. The component defines a one, two, or three- dimensional array of volumes and the internal
junctions connecting them. The geometry can be either Cartesian (X, y, z) or cylindri@alzjr, An
orthogonal, three-dimensional grid is defined by mesh interval input data in each of the three coordinate

directions. The multi-dimensional neutron kinetics model in RELAP%23[s based on the NESTLE

code, which solves the two or four group neutron diffusion equations in either Cartesian or hexagonal
geometry using the Nodal Expansion Method (NEM) and the non-linear iteration technique. Three, two, or
one-dimensional models may be used. Several different core symmetry options are available including
guarter, half, and full core options for Cartesian geometry and 1/6, 1/3, and full core options for hexagonal
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geometry. Zero flux, non-reentrant current, reflective, and cyclic boundary conditions are available. The
steady-state eigenvalue and time dependent neutron flux problems can be solved by the NESTLE code as
implemented in RELAP5-3B . The new Border Profiled Lower Upper (BPLU) matrix solver is used to
efficiently solve sparse linear systems of the form AX = B. BPLU is designed to take advantage of
pipelines, vector hardware, and shared-memory parallel architecture to run fast. BPLU is most efficient for
solving systems that correspond to networks, such as pipes, but is efficient for any system that it can
permute into border-banded form. Speed-ups over the default solver are achieved in RELRAP5-3D
running with BPLU on multi-dimensional problems, for which it was intended. For almost all
one-dimensional problems, the default solver is still recommended.

1.1.1 References

1.1-1. The RELAP5 Development TeanRELAP5/MOD3 Code Manual, Volumes 1 and 2
NUREG/CR-5535, INEL-95/0174, Idaho National Engineering Laboratory, August 1995.

1.2 Code Organization

RELAP5-30° is coded in a modular fashion using top-down structuring. The various models and
procedures are isolated in separate subroutines. The top level structure is shbignran 1.2-1 and
consists of input (INPUTD), transient/steady-state (TRNCTL), and stripping (STRIP) blocks.

RELAPS

INPUTD TRNCTL STRIP

Figure 1.2-1RELAP5-30° top level structure.

The input (INPUTD) block processes input, checks input data, and prepares required data blocks for
all program options.

Input processing has three phases. The first phase reads all input data, checks for punctuation and
typing errors (such as multiple decimal points and letters in numerical fields), and stores the data keyed by
card number such that the data are easily retrieved. A list of the input data is provided, and punctuation
errors are noted.

During the second phase, restart data from a previous simulation is read if the problem is a
RESTART type, and all the input data are processed. Some processed input is stored in fixed common
blocks, but the majority of the data are stored in dynamic data blocks that are created only if needed by a
problem and sized to the particular problem. Input is extensively checked, but at this level, checking is
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limited to new data from the cards being processed. Relationships with other data cannot be checked
because the latter may not yet be processed.

The third phase of processing begins after all input data have been processed. Since all data have
been placed in common or dynamic data blocks during the second phase, complete checking of
interrelationships can proceed. Examples of cross-checking are the existence of hydrodynamic volumes
referenced in junctions and heat structure boundary conditions; entry or existence of material property data
specified in heat structures; and validity of variables selected for minor edits, plotting, or used in trips and
control systems. As the cross-checking proceeds, the data blocks are cross-linked so that it need not be
repeated at every time step. The initialization required to prepare the model for the start of the transient
advancement is done at this level.

The transient/steady-state block (TRNCTL) handles both the transient option and the steady-state
option. The steady-state option determines the steady-state conditions if a properly posed steady-state
problem is presented. Steady-state is obtained by running an accelerated transient (i.e., null transient) until
the time derivatives approach zero. Thus, the steady-state option is very similar to the transient option but
contains convergence testing algorithms to determine satisfactory steady-state, divergence from
steady-state, or cyclic operation. If the transient technique alone were used, approach to steady-state from
an initial condition would be identical to a plant transient from that initial condition. Pressures, densities,
and flow distributions would adjust quickly, but thermal effects would occur more slowly. To reduce the
transient time required to reach steady-state, the steady-state option artificially accelerates heat conduction
by reducing the heat capacity of the conductéiigure 1.2-2 shows the second-level structures for the
transient/steady-state blocks or subroutines.

TRNCTL

TRNSET

TR

AN

TRNFIN

CHKLEV

TRIP

TSTATE

HTADV

HYDRO

RKIN

CONVAR

DTSTEP

Figure 1.2-2RELAP5-30° transient/steady-state structure.

The subroutine TRNCTL consists only of the logic to call the next lower level routines. Subroutine
TRNSET brings dynamic blocks required for transient execution from disk into memory, performs final
cross-linking of information between data blocks, sets up arrays to control the sparse matrix solution,
establishes scratch work space, and returns unneeded memory. Subroutine TRAN controls the transient
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advancement of the solution. Nearly all the execution time is spent in this block, and this block is the most
demanding of memory. The subroutine TRNFIN releases space for the dynamic data blocks that are no
longer needed.

Figure 1.2-2 also shows the structure of the TRAN block. CHKLEV controls movement of
two-phase levels between volumes. TSTATE applies hydrodynamic boundary conditions by computing
thermodynamic conditions for time-dependent volumes and velocities for time-dependent junctions. The

remaining blocks perform or control the calculations for major models within RELAF‘%-SBip logic

(TRIP), heat structure advancement (HTADV), hydrodynamic advancement (HYDRO), reactor kinetics
advancement (RKIN), control system advancement (CONVAR), and time step size (DTSTEP). The blocks
are executed in the order shown in the figure from left to right, top to bottom. Although implicit techniques
are used within some of the blocks (HTADV and HYDRO), data exchange between blocks is explicit, and
the order of block execution dictates the time levels of feedback data between models. Thus, HTADV
advances heat conduction/convection solutions using only old-time reactor kinetics power and old-time
hydrodynamic conditions. HYDRO, since it follows HTADV, can use both new- and old-time heat
transfer rates to compute heat transferred into a hydrodynamic volume.

The strip block (STRIP) extracts simulation data from a restart plot file for convenient passing of
RELAP5-30° simulation results to other computer programs.

1.3 Document Scope

This document is a revised and expanded version of the RELAP5/MOD2 models and correlations

report!-3-1This document is not all inclusive in that not every model and correlation is discussed. Rather,
the information in Volumes I, Il, and IV have been integrated and where a discussion of the correlations
and implementation assumptions were necessary for an understanding of the model, it has been included in
the other volumes and not repeated in this volume.

1.3.1 Reference

1.3-1. R. A. Dimenna et alRELAP5/MOD2 Models and CorrelatiordUREG/CR-5194, EGG-2531,
Idaho National Engineering LaboratpfAugust 1988.

1.4 Document Structure

This document is structured around the field equations used in RELAB5-3mhe field equations
were chosen as the underlying thread because they provide the structure of the code itself; and using a
common structure for the code and the description facilitates the use of this document in understanding the
code. Section 2 lists the finite difference form of the basic field equations used in the two-fluid calculation.
The finite difference field equations are derived in Volume | of the manual, and this derivation is not
repeated in Section 2. References to other volumes are used where possible.

With the field equations identified, the next most pervasive aspect of the code calculation is probably
the determination of the flow regime. Therefore, the flow regime map, or calculation, is discussed in
Section 3. Sections 4, 5, and 6 then provide, in order, a discussion of the models and correlations used to
provide closure for the energy, mass, and momentum balance equations. The closure models for the mass
balance equations are closely related to those for the energy equations, so they were included before
moving to the discussion of the models related to the momentum equations.
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Section 7 describes the flow process models, such as the abrupt area change and the critical flow
models. Section 8 describes selected component models, specifically, the pump and separator/dryer
models. Section 9 describes the heat structure process models, including the solution of the heat
conduction equations and the energy source term model as represented by the reactor kinetics equations.
Section 10 comments on the closure relations required by extra mass conservation fields, and Section 11
describes the steady-state model.
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2 FIELD EQUATIONS

The RELAP5-3[¥ thermal-hydraulic model solves eight field equations for eight primary
dependent variables. The primary dependent variables are pressure (P), phasic specific internal energies
(Ug Uy), vapor/gas volume fraction (void fractiorr)é), phasic velocities (yvs), noncondensable quality

(Xp), and boron densitypt,). The independent variables are time (t) and distance (x). Noncondensable
quality is defined as the ratio of the noncondensable gas mass to the total vapor/gas phase mass, i.e., X
My/(M, + M), where M, is the mass of noncondensable in the vapor/gas phase arstkihé mass of the

vapor in the vapor/gas phase. The secondary dependent variables used in the equations are phasic densities
(Pg: Pr), phasic temperatures {TTy), saturation temperature )T and noncondensable mass fraction in
noncondensable gas phase,Xfor the i-th noncondensable species. Closure of the field equations is

provided through the use of constitutive relations and correlations for such processes as interphase friction,
interphase heat transfer, wall friction, and wall heat transfer. The field equations for the two phasic mass
eguations, two phasic momentum equations, and two phasic energy are presented in this section of Volume

IV to show where the constitutive models and correlations apply to the overall RELAPSs8Mition.

2.1 Differential Equations

The development of such equations for the two-phase process has been recorded in several

reference$:1-121-22.1-3 The one-dimensional, two-fluid phasic mass equations, phasic momentum
equations, and phasic energy equations [Equations (8.12), (8.13), and (8.R&Yarence 2.1-1 by
Ransom are referenced in Volume | of this manual, and the method used to obtain the differential
equations used in RELAP5-3D is presented in Volume I. A multi-dimensional two-fluid model is also
available. Volume | should be consulted for the differential equations, as they are not repeated in this
volume.

2.1.1 References

2.1-1. V. H. RansomCourse A--Numerical Modeling of Two-Phase Flows for Presentation at Ecole
d’Ete d’Analyse NumeriqueeGG-EAST-8546, Idaho National Engineering Laboratdvay
1989.

2.1-2. M. Ishii, Thermo-Fluid Dynamic Theory of Two-Phase Fld@gllection de la Direction des
Estudes d’Recherches of Electricute de France, 1975.

2.1-3. F. H. Harlow and A. A. Amsden, “Flow of Interpenetrating Material Phasésjrnal of
Computational Physics, 18975, pp. 440-464.

2.2 Difference Equations

The one-dimensional difference equations are obtained by integrating the differential equations with
respect to the spatial variable, dividing out common area terms, and integrating over time. The mass and
energy equations are spatially integrated across the cells from junction to junction, while the momentum
eguations are integrated across the junctions from cell center to cell center. These were derived in Volume
| of this manual, and the final one-dimensional finite difference equations for the semi-implicit solution
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scheme are repeated here. The multi-dimensional difference equations were also derived in Volume | of
the manual; the final multi-dimensional finite difference equations are not repeated here.

The semi-implicit scheme one-dimensional finite-difference equations for the mass, energy, and
momentum are listed below. Some of the terms are intermediate time variables, which are written with a
tilde (~).

The sum continuity equation is

L[agL(pg+Ll ng)+GfL(p?tl_pr)+(ng pr)(Gg+Ll_agL)]
+ (0 j+1Pg j+1Vg 1+ 1A 1 — 005 PG Vg | AAL (2.2-1)

n+1

+ (O(f,j+1pf,j+1Vf,j+1Aj o‘f pr iVij A)At =0 .

The difference continuity equation is
Vi [og (Pg L = Pg )-af L (PrL —pfL) + Py +pF ) (Gg L —ag )]
+ (0, j+1Pg, J+1Vn‘]ilA1+l A, iPg, 1Vn+1A )At

- (af ]+1pf ]+1V?r+11A af ]pf JV?TlA )At (2-2'2)

~s n+1 ~“n+1 ~s, n+ 1

P
|:PV At|: F?nL igl(TL =Tg1)+ Hlf (T

-ﬂ‘,tl)} + 2V ATD
L

Eh D-hf

The noncondensable continuity equation is

+ + ~n+1
L[pg LXn L(GS Ll_ Og )+ ag LXn L(pg Ll pg L)+ GS LDS L(er: L _XE 0] (2.2-3)
+ (005 410G 1+ 1Xn 1 +1Vg 1+ 1A o1 = Og j0g (Xn Vg | AAL = 0
The vapor/gas thermal energy equation is
+ + +1
L[(pg LUg Lt PL)(GS Ll_o‘g L)+ O‘g LUg L(DS Ll pg L) +0(g Lpg L(Ug L _U; )]
+ [ag ]+l(pg ]+1U9 j+1t PL)VS-:ilAj+1 Gg J(pg JUg it PL)Vn+lA ]At
o0 h |j]Pn n+ n+ h |j] n+ n+
=0 =0 M (T T - By (T Y (2.2-4)
—hfq [hg—hfq
Epn ~n+1 ~n+1 |j.|.+€
E——F-)—_D_'gfL(TgL =ThL )"‘[D > %gﬁ' 05 H"f L:| witQug L TDISS;  }V At .
L
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The liquid thermal energy equation is

n+1 ~n+1

Vi (pf LUf Lt PL)(O(g L —0(3, L) +GP,LUP,L(6f L pf L) +0(f Lpf L(Ut L _Uf Ul
+ [O(f j+l(pf ,-'+1Uf j+1t PE)V?,leA'u —O(f,j(pf,jUf,i + PL)VP,-j'-lAj]At

DD |I EI P + + D || |j + +
DG f 0] S, LI || L(TL s, n+ 1 Tg I_l) | I|f L(TL s, n+ 1 TPLl) (2.2_5)
D[h h EL Pn ¢ |:h h
L o} f
EP” ~n+1 ~“n+1

+ £ €
g——P———mgfL(TgL ST H 5+ H5hid Jri+ Qli +DISS) v,

The sum momentum equation is

n+1 n+1

(014 (V5" V), A, + ()] (V7 = Vi) %, + S(é o) T(VE)! ~ (VERIAL

1,. . .n 2N 2.n 1... . .n n . . n n
+ E(Gfpf)j[(vf)L_(Vf)K]At_é[(agpg)jVISGj +(0¢pr); VISF;]At (2.2-6)
= —(PL=P)"" At + [(pm)] By — (agpg) [ FWG] (V)| " = (atypy) JFWF (v
— (T (Vg =Ve)] T AX At = [(84pg)]HLOSS Gy ' + (a:p) [HLOSSEV{ | At .

The difference momentum equation is

Cpm n+1 n n+1 n
%prﬁ[(g —vp) — (v T =v)]Ax,

1 n 1
2%"g(‘ﬂgg’ﬂ[(vg)L (v2) ]At-Z%QpQﬂV|SG At

ol 2y L

ngpﬂww At = — P Pedp _p i
ZDTl(fpr, U py D( L= P

20b;p

O + . nVn+1 an nvn+1 n nVn+1
- FWGv)] ™ - FWR(v)]™ [ o(PmVi —OipiVy 0GPV )
J

(ngpg fpf) (22'7)

n 1 1 n+1 n+1
- o fpf@[(fwg)(g> ~ () ()] ]

+ (PPN IL+£,(Cr =D (ve)] = [1+,(Co— I (vs); "} )Ax;At

GaPorly) ossEv i P ossEv Yt
[ngpgq Gvs Corepit] f ]

+ QP g(pf —pg)B, (¥} —yR)A
g
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3 FLOW REGIME MAPS

The constitutive relations include models for defining flow regimes and flow-regime-related models
for interphase friction, the coefficient of virtual mass, wall friction, wall heat transfer, and interphase heat
and mass transfer. Heat transfer regimes are defined and used for wall heat transfer. For the virtual mass, a
formula based on the void fraction is used.

In RELAP5/MOD2, all constitutive relations were evaluated using volume-centered conditions;
junction parameters, such as interfacial friction coefficients, were obtained as volume-weighted averages
of the volume-centered values in the volumes on either side of a junction. The procedure for obtaining
junction parameters as averages of volume parameters was adequate when the volumes on either side of a
junction were in the same flow regime and the volume parameters were obtained using the same
flow-regime map (i.e., both volumes were horizontal volumes or both volumes were vertical volumes).
Problems were encountered when connecting horizontal volumes to vertical volumes.

These problems have been eliminated in RELAPS23Iby computing the junction interfacial
friction coefficient using junction properties so that the interfacial friction coefficient would be consistent
with the state of the fluid being transported through the junction. The approach has been used successfully
in the TRAC-B code 01302 As a result, it was necessary to define both volume and junction
flow-regime maps. The flow regime maps for the volumes and junctions are somewhat different as a result
of the finite difference scheme and staggered mesh used in the numerical scheme.

Four flow-regime maps in both volumes and junctions for two-phase flow are used in the

RELAP5-30° code: (a) a horizontal map for flow in pipes; (b) a vertical map for flow in pipes, annuli,
and bundles; (c) a high mixing map for flow through pumps; and (d) an ECC mixer map for flow in the
horizontal pipes near the ECC injection port. The volume flow regime calculations for interfacial heat and
mass transfer and wall drag are found in subroutine PHANTYV. The junction flow regime calculation for
interphase friction and coefficient of virtual mass are found in subroutine PHANTJ. Wall heat transfer
depends on the volume flow regime maps in a less direct way. Generally, void fraction and mass flux are
used to incorporate the effects of the flow regime. Because the wall heat transfer is calculated before the
hydrodynamics, the flow information is taken from the previous time step.

3.0.1 References

3.0-1. W. Weaver et al.TRAC-BF1 Manual: Extensions to TRAC-BD1/MOMNMUREG/CR-4391,
EGG-2417, Idaho National Engineering Laboratory, August 1986.

3.0-2.  S. Rouhani et alTRAC-BF1 Models and CorrelationSlJUREG/CR-4391, EGG-2680, Idaho
National Engineering Laboratqiugust 1992.

3.1 Horizontal Volume Flow Regime Map
3.1.1 Map as Coded
The horizontal flow regime map is for volumes whose inclination (vertical) apdgesuch that (<

|l < 30 degrees. An interpolation region between vertical and horizontal flow regimes is used for volumes
whose absolute value of the inclination (vertical) angle is between 30 degrees and 60 degrees.
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A schematic of the horizontal volume flow regime map as coded in RELAP3-3®illustrated in
Figure 3.1-1 The map consists of bubbly, slug, annular mist, dispersed (droplets or mist), and horizontally
stratified regimes. Transition regions used in the code are indicated. Such transitions are included in the
map primarily to preclude discontinuities when going from one correlation to another in drag and heat and
mass transfer. Details of the interpolating functions employed between correlations are given in those
sections that describe the various correlatiofgure 3.1-2 illustrates the geometry for horizontal
stratification.

0.0 Ugs Ope Osa Oam 1.0
Bubbly | Slug | sLg/ AN Mist

Veri (BBY) | (SLG) | ANM | (anmy | (MPR)

and 3,000
Increasing kg/m-s BBY- | SLG- ANM- | MPR-
relative HST HST HST HST
velocity 112Vt
Ivg - Vi | and 2,500 Horizontally stratified (HST)
and mass kg/ne-s

flux Gy, . : .
——» Increasing void fraction

Figure 3.1-1Schematic of horizontal flow regime map with hatchings, indicating transition regions.

/Le
@

Figure 3.1-2Schematic of horizontally stratified flow in a pipe.

‘4—— U—»‘

Values for the parameters governing the flow-regime transitions are shdvigure 3.1-3and listed
below. G, is the average mixture mass flux given by

Gm = C‘gpglvgl + P vy (3.1-1)

ags = 0.25 G < 2,000 kg/n-s
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0.5+

Ogg 0.254

0.0 | ! Gp(kg/nPs)
0 2,000 3,000

Figure 3.1-3Horizontal bubbly-to-slug void fraction transition in RELAP53D

= 0.25 + 0.00025(G2,000) 2,000 <3< 3,000 kg/rR-s

= 05 G > 3,000 kg/m-s

opg = 0.75
oga = 0.8
Oam = 0.9999
and

v = 1[(pf—pg)gagA vz
crit —

3| oD e } (1-cosd) (3.1-2)

where D is the pipe diameter or equivalent diameter (hydraulic diameter) and A is the cross-sectional area
2
of the pipe,A = 7% . Theta is the angle between the vertical and the stratified liquid level, as shown in

Figure 3.1-2

3.1.2 Map Basis and Assessment

The geometrical configuration of a two-phase flow regime is characterized by a combination of void
fraction and interfacial area concentration and arrangef&hi raditionally, however, flow regime maps
have been constructed using superficial veloci€é€313 which, strictly speaking, do not uniquely

define the flow regime. Ishii and Mishima ™ contend that while superficial velocities may provide for
suitable flow regime mapping for steady, developed flow, the same is not true for transient or developing
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conditions such as arise frequently for nuclear reactor thermal-hydraulics. They recommend a direct
geometric parameter, such as void fraction, for flow regime determination for unsteady and entrance flows

where a two-fluid model (such as is used in RELAP5©3Dis more appropriate than a more traditional
mixture model. RELAP5-38 uses the void fractiom(g, to characterize the two-phase flow regimes.
Taitel and Duklet1* have devised a horizontal map from analytical considerations, albeit sometimes

involving uncorroborated assumptions, that uses at least the void fraction for all regime transitions.
Furthermore, in a later paper, they use the same flow-transition criteria to characterize transient two-phase

horizontal flow3-1">Therefore, while void fraction does not uniquely determine the flow regime geometry,

it appears to be a reasonable parameter for mapping the flow regimes expected in RELAP5-3D
applications and is consistent with the current state of the technology.

3.1.2.1 Transition from Bubbly Flow to Slug Flow.  For high velocity flows (|y - v¢| > V¢, the

RELAP5-30° horizontal flow map is an adaptation of the vertical map used in the code, which in turn is
based on the work of Taitel, Bornea, and DuRiEP, The bubbly-to-slug transition void fraction used in

the code varies from 0.25 to 0.5 depending on the mass fluxAjgeiee 3.1-3. The lower limit of 0.25 is

based on a postulate of Taitel, Bornea, and D&t that coalescence increases sharply when bubble
spacing decreases to about half the bubble radius corresponding to about 25% void. Taitel, Bornea, and
Dukler? 18 then cite three references as supporting this approximate level. The first citation, Griffith and
Wallis,®1-" however, actually cites an unpublished source (Referenc&6fierence 3.1-Y, indicating that

for ag < 0.18 no tendency for slugs to develop was apparent. Griffith and Wallis were measuring the Taylor
bubble rise velocity (air slugs) in a vertical pipe and admitted uncertainty about where the bubbly-slug
transition should be. (Only two of their own data points fell into the region labeled bubbly flow on their

flow-regime map.) Taitel, Bornea, and Dulié® also cite Griffith and Snyder1® suggesting that the
bubbly-to-slug transition takes place between 0.25 and 0.30. Actually, Griffith and Snyder were studying
slug flow using a novel technique. They formed a plastic “bubble” to simulate a Taylor bubble under which
they injected air. Their setup allowed the bubble to remain stationary while the flow moved past it. While
void fractions as low as 0.08 and no higher than 0.35 were obtained for “slug flow,” it seems inappropriate
to use such information to set the bubbly-to-slug transition. The third reference cited by Taitel, Bornea, and
Duklerr1® uses a semi-theoretical analysis involving bubble-collision frequency, which appears to
indicate a transition in the rangg, = 0.2 to 0.3319 A discussion by Hewitf:1"1%however, points out
some uncertainties and qualifications to the approadRedérence 3.1-9Thus, the designation afy =

0.25 as the lower limit for a transition void fraction from bubbly-to-slug flow is somewhat arbitrary,
although it does fall within the range suggested by the cited references.

Taitel, Bornea, and Dukl&r-® further argue that the void fraction for bubbly flow could be at most
0.52 where adjacent bubbles in a cubic lattice would just touch. They then postulate that 0.52 represents
the maximum attainable void fraction for bubbly flow, assuming the presence of vigorous turbulent

diffusion. RELAP5-3[% uses a void fraction of 0.5 as an approximate representation of this condition for
high mass flux.

The interpolation in RELAP5-3B betweerng = 0.25 and 0.5 for the bubbly-to-slug transition is an

attempt to account for an increase in maximum bubbly void fraction due to turbulence. The decision to
base the transition on an average mixture mass flux increasing from 2,000 to 3,066sk@ection 3.1.1)
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is from work by Choe, Weinberg, and Weisnidn**who show that at 2,700 kgf¥s, there is a transition
between bubbly and slug flow. If, however, one plots the average mass fluxes on Figure 2 from Taitel,

Bornea, and Duklérl® the RELAP5-3[¥ transition for this special case (air-water at 25 0.1 MPa in

a vertical 5.0 cm diameter tube) appears reasonable. Figure 2 from Taitel, Bornea, and-bidshown
asFigure 3.1-4 Nevertheless, while the transition criterion based on G looks reasonable for the conditions
of Figure 3.1-4 it is inappropriate to assume that it works well for all flow conditions found in reactor
applications. A potentially better criterion for the variation of the bubbly-to-slug transitjpwould be

based on dimensionless parameterd-ijure 3.1-4 the notation from Taitel, Bornea, and Dukdéi®is
used, i.e., Ys is liquid superficial velocity {) and Wsis vapor/gas superficial velocity)j

Finel)) disperséd bubble
Gn,=3,000 0ag=0.

10 -

= i
[}
9
S
0 Annular
—
D p—
Slug/churn
0.01} i
0.0 | | | |
00 01 1.0 10 100
Uggm/sec)

Figure 3.1-4Flow-pattern map for air/water at 2&, 0.1 MPa, in a vertical 5.0-cm-diameter tube showing
G, = 2,000, 3,000 kg/fas.

3.1.2.2 Transition from Slug Flow to Annular Mist Flow. The coded transition from slug to
annular mist flow takes place between void fractions of 0.75 and 0.80. This is based on a model by

Barnea>1"2which implies that annular flow can occur fog > 0.76. Barnea indicates that for cocurrent

upflow, the transition criteria give reasonable agreement with atmospheric air-water data for a 2.5 and 5.1
cm diameter tube, and Freon-113 data for a 2.5 cm diameter tube.

3.1.2.3 Transition from Annular Mist Flow to Dispersed Flow. The void fraction upon
which this transition is coded to take place simply corresponds to a very high vapor/gas fragten,

0.9999. This vapor/gas fraction was chosen to allow a smooth transition to single-phase vapor/gas flow.
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3.1.24 Transition to Horizontal Stratification. The transition criterion from
horizontally-stratified to nonstratified flow, Equation (3.1-2), is derived directly from Equations (23-24) of
Taitel and Dukle?14 which are a statement of the Kelvin-Helmholtz instability. i {wyl is greater than
V¢rit: the flow is not stratified,; if it is less, then a region of transition takes plapife 3.1-1) before the
flow is considered to be completely stratified. The criterion holds that infinitesimal waves on the liquid
surface will grow in amplitude if Jy- v¢| > v¢it, transitioning from stratified flow as the waves bridge the
gap to the top of the pipe. Taitel and Dukiéi*used |y| rather than |y- v, but the code was modified to
use |y - v¢| based on TPTF experiment comparisons by Kukita éil'aill‘?’(see Section 3.1.3). In addition,

to disallow high flow cases, G must be less than 3,000%sg/m

It is clear that the horizontal stratification criterion of Taitel and Dukfef requires some
comparison with experiment to assess its validity. Taitel and Dﬁrﬁrélcompare their transition criteria
with the published map of Mandhane et®d? The comparison is quite favorable for the conditions of
air-water at 25°C and 1 atm in a 2.5-cm-diameter pipe. Choe et-‘al! show that the Taitel and

Dukler*-14 criterion works fairly well between intermittent and separated flow for liquids of low or
moderate viscosity.

In summary, there is evidence that the Taitel and Ddktérhorizontal stratification criterion works
for low- and moderate-viscosity liquids, including water, at least in small-diameter pipes (up to 5 cm).

3.1.3 Effects of Scale

Experimental evidence reported by Kukita efafl3obtained at the JAERI TPTF separate-effects
facility for horizontal flow of steam and water in an 18-cm-diameter pipe at high pressure (3 - 9 MPa)
indicates that horizontally-stratified flow exists for conditions for which RELAP5/MOD?2 predicted
unseparated flows. This failure of the stratification criterion [Equation (3.1-2)] was attributed by
Reference 3.1-13argely to the fact that the code used the absolute vapor/gas velocity rather than relative
velocity (v - vf) to test for a stratification condition. Upon substituting relative velocity for vapor/gas

velocity, which is what is used in RELAP5-5D, it is shown that predictions for void fraction are
significantly improved-113

3.1.4 References

3.1-1. M. Ishii and K. MishimaStudy of Two-Fluid Model and Interfacial ArellUREG/CR-1873,
ANL-80-111, Argonne National Laboratory, December 1980.

3.1-2. J. M. Mandhane, G. A. Gregory, and K. Aziz, “A Flow Pattern Map for Gas-Liquid Flow in
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3.1-3. J. Weisman, D. Duncan, J. Gibson, and T. Crawford, “Effects of Fluid Properties and Pipe
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Flow, 5,1979, pp. 437-462.
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Conference, Pittsburgh, PA, August 9-12, 1987.

3.2 Vertical Volume Flow Regime Map

3.2.1 Map as Coded

The vertical volume flow regime map is for upflow, downflow, and countercurrent flow in volumes
whose inclination (vertical) angle is such that 60 <gq] < 90 degrees. An interpolation region between
vertical and horizontal flow regimes is used for volumes whose absolute value of the inclination (vertical)
angle is between 30 and 60 degrees.

A schematic of the vertical flow regime map as coded in RELAP-33 shown inFigure 3.2-1
The schematic is three-dimensional to illustrate flow-regime transitions as functions of void fragtion

3-7 INEEL-EXT-98-00834-V4



RELAP5-3D/1.3a

average mixture velocity,y, and boiling regime [pre-critical heat flux (CHF), transition, and post-dryout],
where G, is given by Equation (3.1-1), and

0.0 Ogs Ocp Osa Oam 1.0
Inverted d i o)
Post-dryou TNeuRy AANI/  Inverte Mist &
______Y_ IAN ISL slug (ISL) (MST) 5
Q
Transition / BBY/IAN o ANM/MS‘I/(§
Q
Bubbly Slug SLG// Annular Y
Pre-CH7  (BBY) (SLG) /ANM /mist (ANM)/S
Unstratified o
VTb 2
1 Transition S
5 Vb (§
. . 15
Increasing Vertically stratified (VST) é‘b
Vi $
0.0 Ops Opge Osa Oam 1.0

Increasing void fractiong

Figure 3.2-1Schematic of vertical flow-regime map with hatchings indicating transitions.
Vip = — (3.2-1)

Pm = QgPg + AfPs - (3.2-2)

The map consists of bubbly, slug, annular mist, and dispersed (droplet or mist) flows in the pre-CHF
regime; inverted annular, inverted slug and dispersed (droplet or mist) flows in post-dryout; and vertically
stratified for sufficiently low-mixture velocity y. Transition regions provided in the code are shown.
Details of the interpolating functions employed for the transition regions are given in the sections dealing
with the actual heat/mass transfer and drag correlations. Values for the parameters governing the
flow-regime transitions are listed below and showRigure 3.2-2

Ogs = Ogs for G < 2,000 kg/m-s (3.2-3)
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0.5}
OBs
*
Ops
1,000 2,000 3,000 4,000
G (kg/nmt-s)
0.3 : :

Figure 3.2-2Vertical flow regime transition parameters in RELAP5%3D

Ogs = Ogs+ (015’5—50*35) (Gy, - 2,000) for 2,000 <, 3,000 kg/m-s (3.2-4)
Ogs = 0.5 for > 3,000 kg/n-s (3.2-5)
Ogs = max {0.25 min [1, (0.045D8], 103 (3.2-6)
whereD™ = D[g—(pfc_ pg)}l/z
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Ocp = Ogg+ 0.2 (3.2-7)

min . f e max
Osp = maX[aAMi mm(acrin O¢rity Ogs )] (32'8)

D _ 1/2
al = }-[g—@f——f’—g—)} for upflow (3.2-9)
Vg pg
afcm = 0.75 for downflow and countercurrent flow (3.2-10)
— 1/4
Ogrit = ?’—'Z[w} (3.2-11)
g Pg
min 0.5 pipes
= 3.2-12
AV .8 bundles ( )
age = 0.9 (3.2-13)
Opg = Max ng, Oga - 005) (32-14)
Oayv = 0.9999 (3.2-15)
D _ 1/2
Vg = 0.35[W} . (3.2-16)
f

The termsal,, ana,, will be discussed in Section 3.2.2.2.

Two further conditions must be satisfied for the flow to be considered vertically stratified. In the case
of control volumes having only one inlet and one outlet, the void fraction of the volume above must be
greater than 0.7. In addition, the void fraction difference between the volume above and the control
volume or between the control volume and the volume below, must be greater than 0.2. If there are
multiple junctions above and below the volume in question, the upper volume having the smgitest
compared to the lower volume having the largegtOnly connecting volumes that are vertically oriented
are considered. The termyyis the Taylor bubble rise velocity and will be discussed in Section 3.2.2.1 and
Section 3.2.2.5.
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3.2.2 Map Basis and Assessment

The vertical flow-regime map is mapped according to void fraction for nonstratified, wetted-wall

regimes. This conforms to the recommendation of Ishii and Misﬁ'nlﬁéas discussed for the horizontal
map in Section 3.1.2. The dry-wall flow regimes (particularly inverted annular and inverted slug) are

included21to account for post-dryout heat transfer regimes where a wetted wall is physically unrealistic.
Heat and mass transfer and drag relations for the transition boiling region between pre-CHF and dryout are
found by interpolating the correlations on either silég(re 3.2-1). This means that for certain void
fractions in the transition boiling region, two and sometimes three adjacent correlations are combined to
obtain the necessary relations for heat/mass transfer and drag. The exact nature of these transition relations
are found in the appropriate sections describing the correlations in question. The further configuration of
vertical stratification includes a transition region, Section 3.2.1, wherein up to four correlations are
combined to obtain the required constitutive relations.

3.2.2.1 Bubbly-to-Slug Transition.  The transition from bubbly flow to slug flow is based on

Taitel, Bornea, and Dukldr® The transition is the same as in the horizontal volume flow map, Section
3.1.2.1, except for the additional provision of the effect of small tube diameter.

When the rise velocity of bubbles in the bubbly regime, given by Taitel, Bornea, andBifider
— 174
Vo = 1.53[9-(—‘3f——§9929} (3.2-17)
Pt

exceeds the Taylor bubble rise velocity, Equation (3.2-16), it is assumed that bubbly flow cannot exist,
since the bubbles will approach the trailing edges of Taylor bubbles and coalesce. As shown in Equation
(3.2-16), the rise velocity of Taylor bubbles is limited by the pipe diameter such that for sufficiently small
D, vrp < Vgp, thereby precluding bubbly flow. Equating,\and \, yields the critical pipe diameter,

o 1/2
Dgy = 19.11 —>—— 3.2-18
et 1[g(pf—pg)} ( )

below which bubbly flow is theorized not to exist.

In RELAP5-30F , the coefficient in Equation (3.2-18) has been modified to 1/0.045 = 22.22,
precluding bubbly flow for a pipe diameter up to 16% greater than given by Equation (3.2-18). This
criterion is observed down to a void fraction of 0.0@lgure 3.2-2). The designation afgg yin= 0.001

as the minimum void fraction at which slug flow may exist and the modification to use 22.22 were
incorporated to obtain better agreement with d&ta.

In RELAP5-30° for bundles, the transition from bubbly flow to slug flowgs) is constrained
from being less than 0.25, This was necessary to obtain good results in the developmental assessments.
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3.2.2.2 Slug-to-Annular Mist Transition. The RELAP5-3[¥ vertical flow-regime map
combines slug and churn flow regimes into a single regime called slug flow. Also, the annular flow regime
and the annular mist regime are combined into a single regime called annular mist flow. (An exception to
this occurs for the annulus component in which strictly annular flow exists with no droplets.) The transition
from slug flow to annular mist flow is derived from the churn to annular flow transition of Taitel, Bornea,

and Dukle?1-%and Mishima-Ishii-2-3

The analyses performed by Taitel efd®and Mishima and Ishii®*indicate that the annular flow
transition is principally governed by criteria of the form

o AgVy o 3219
Jg |:gD(pf_pg):r_/z = Jg,crlt ( )
Py
a,Vv
Ku, = 99 > Kug . 3.2-20
? [go(pf—pg)}“ oot (8:2:20)
Pq

with the first criterion (flow reversal) controlling the transition in small tubes and the second criterion
(droplet entrainment) applying in large tubes. Unfortunately, the data comparisons reported by the authors

are not sufficient to make a judgment as to the most appropriate valq'é,grgf 3nel-Kdowever,

McQuillan and Whalle$-2-33-26have compared these transition criteria against experimental flow-pattern
data covering pipe diameters from 1 to 10.5 cm and a wide range of fluid conditions. They considered the
above criteria using

jg ot = 1 (3.2-21)
Kug crit = 3.2 (3.2-22)

and obtained good predictions of the annular flow boundary in each case, with the first criterion producing

slightly more accurate predictions. On reexamining the flow-pattern data, however, Piffeynd that
better agreement can be obtained if annular flow is deemed to occur when either criteria is satisfied. It was

also apparent that other values j@fcm andy Kt would not lead to transition criteria having better

agreement with the data. The effect of applying both criteria together causes the transition to be controlled
by the first criterion in tubes with diameters less than

o 1/2
Dy, im = 1024 —2 3.2-23
fim {g(pf - pg)} ( )
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and by the second criteria in larger tubes. This is consistent with the theoretical analysis of Mishima and
Ishii and also results in a transition boundary which is continuous in diameter. For steam-water conditions
in the range 1 to 100 barsy R, in Equation (3.2-23) varies from 2.6 to 1.4 cm.

The above criteria would therefore appear to be the most acceptable for predicting the annular flow
transition in tubes. Although the experimental flow pattern data used in their assessment only covered
tubes with diameters up to 10.5 cm, their theoretical basis makes it reasonable to apply them to pipes with
larger diameters. In addition, there seems to be no reason why they should not provide an adequate
approximation of the annular flow transition in rod bundles. However, there is no direct proof of this.

The two criterion can be expressed as

D _ 1/2
o == 9D(P: = Po) for upflow (3.2-24)
VQ pg
afcm = 0.75 for downflow and countercurrent flow (3.2-25)
3.2[90(ps —pg) V"
s, = '\/E[-—éi——g”} . (3.2-26)
9
The termal,, for upflow is from Equations (3.2-19) and (3.2-21), and the tafy is from

Equations (3.2-20) and (3.2-22). These criteria have a reasonable physical basis and, in the case of
cocurrent upflow, are well supported by a large body of experimental data. Insufficient data are available
to perform comparisons for down and countercurrent flows. As discussed earlier in this section, the

.. f - ’ H
minimum ofa,, andag,;, isused based on Putney’s analysis.

In formulating the criteria, an attempt was made to maintain as much consistency as possible

between the various flow situations. The diﬁerencexb;\t between upflow and down and countercurrent

flows is unavoidable because the film instability/flow reversal mechanism that can cause a breakdown of
annular flow in upflow is not appropriate when the liquid flows downwards. The absence of this
mechanism leads to more relaxed criteria, and this reflects the preponderance of annular flow in such

situations. The two values ojfcm are smoothed using the same weighting func{iobased on the

mixture superficial velocity that is used for the junction flow regime map (see Section 3.5), with 0.465
replaced by 0.3.

A possible weakness in the above criteria is that, at low vapor/gas velocities, transition to annular
flow may not occur until an unphysically high void fraction is attained, or not at all. Likewise, at high
vapor/gas velocities, the transition could occur at an unphysically low void fraction. To guard against these
situations, the additional requirement is added that the annular flow transition can only occur in the void
fraction range

amy < 0y < age” (3.2-27)
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in

whereayy, is the minimum void fraction at which annular flow can exist, agéf* is the maximum void
fraction at which bubbly-slug flow can exist. The final transition criterion used in the code is then

min

asa = max{ oy, Min(og, de, aped)] (3.2-28)

The code uses'hy = 0.5 amfls* = 0.9. For bundles in the code, the minimum void fraction for

min

annular mist flow (a,y,) is 0.8. This was necessary to obtain good results in the developmental
assessment.

The size of the transition region between slug and annular mist regifegs=<0.05) is based on
engineering judgment.

3.2.2.3 Transition from Annular Mist Flow to Dispersed Flow. The void fraction @)
upon which this transition is coded to take place corresponds to a very high vapor/gas fragtion,

0.9999. This vapor/gas fraction was chosen to allow a smooth transition to single-phase vapor/gas flow. In
Figure 3.2-1, MPR stands for pre-CHF mist flow.

3.2.2.4 Post-Dryout Flow-Regimes (Inverted Annular, Inverted Slug, Dispersed
Droplet). When surface temperatures and wall heat fluxes in confined boiling heat transfer situations are
too high to allow surface wetting, inverted flow regimes occur. Inverted regimes are characterized by some

form of liquid core surrounded by an annular vapor/gas blarkét.

A series of studies have begun an investigation into the nature and the controlling parameters of
inverted flow-regimes including that of De Jarlais and (SRt They report that upon reaching CHF,

bubbly flow transitions to inverted annular, slug/plug flow becomes inverted slug, and
annular/annular-mist flow loses its annular liquid film and becomes dispersed droplefilguve 3.2-3).

De Jarlais and Ishli®! recommend that initially-inverted annular/initially-inverted slug and
initially-inverted slug/initially-dispersed droplet transitions be based on the same criteria as their pre-CHF
counterparts (bubbly-slug and slug-annular, respectively). The correspondence between pre- and
post-CHF transitions is observed, as showrrigure 3.2-1 In Figure 3.2-1, MPO stands for post-CHF
mist flow.

A further transition region between pre-CHF and dryout where the surface is neither fully wet nor
fully dry (analogous to transitional pool boiling) is present in the vertical flow-regime map. While boiling
under flowing conditions is not the same as pool boiling, such a transitional regime seems appropriate.

3.2.2.5 Vertically Stratified Flow. The vertically stratified flow regime is designed to apply to
situations where the flow in a vertical conduit is so slow that an identifiable vapor/gas-liquid interface is
present. The vertical stratification model is not intended to be a mixture level model. The restriction that
the average mixture velocityy be less than the Taylor bubble rise velocity represents the first
requirement, since any large bubbles would have risen to the vapor/gas-liquid interface maintaining the
stratified situation. This is given as follows:
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Inverted annular Inverted slug Dispersed droplet
|~ CHF
P o4 oo
o °g
o [¢) e
O o Oo
(@]
OO o o
Bubbly Slug Annular or
annular mist
Figure 3.2-3Flow-regimes before and after the critical heat flux (CHF) transition.
Vm < Vrp
or
_ 1/2
“gpglv9|p+ el 0.35[g—D(pfp pg)} . (3.2-29)
m f

The second requirement consists of several criteria involving the axial void profile in three
contiguous cells. Usingigure 3.2-4 the criteria are

A i1

Figure 3.2-4Three vertical volumes with the middle volume being vertically stratified.
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dgL > 0.7

and

Gg’L - Gg’K > 0.2 Orag,K - Gg’| >0.2 . (32-30)

These two criteria are the default level-detection logic for a normal profile from TRAE:83-0-2
A third criteria is

Qg -0Ogy > 0.2 . (3.2-31)

In addition, the following two criteria, which were also present in RELAP5/MOD2, are used:

Og < QOfk < OgL (3.2-32)
and
10° < ogk < 0.99999 . (3.2-33)

The first criterion helps ensure that only one volume at a time in a stack of vertical volumes is
vertically stratified. If the top volume (L) is dead end, a valueigf = 1.0 is used in the above logic. If the

top volume (L) is horizontal, the void fractiay | of this volume is used. The second criterion effectively
precludes an essentially single-phase flow from inappropriately being labeled stratified.

If more than one junction is connected to the top, the volume above with the smallest void fraction
will be treated as the “above volume;” if more than one junction is connected to the bottom, the volume
below with the largest void fraction will be treated as the “below volume.”

3.2.3 Effects of Scale

It has been postulated that a maximum diameter exists for vertical flow of individual dispersed phase
drops/bubbles in a continuous phase, precluding the existence of slug flow as it is usually defined.

Kocamustafaogullari, Chen, and Ishfi® have derived a unified theory for the prediction of maximum

fluid particle size for drops and bubbles. They developed a simple model based on the hypothesis that fluid
particle breakup will occur if the rate of growth of a disturbance at the dispersed phase/continuous phase
interface is faster than the rate at which it propagates around the interface. They show that the same theory
is applicable to liquid in liquid, droplets in vapor/gas, and bubbles in liquid, and show a broad range of
experimental data compared to their theoretical predictions with reasonably good results. This theory
suggests that there will exist ranges where bubbles cannot coalesce to form slugs that are as large as the
pipe diameter, thus preventing transition from bubbly to slug flow.

Some experimental evidence for large pipes also appears to support the above theory. Air-water flow
experiments conducted by Science Applications Incorporated Corporation (SAIC) indicated that slug flow
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was unable to form in a 0.305-cm vertical pipe; rather, a transition from bubbly to bubbly/churn-type flow

with strong local recirculation patterns took pla?t%'.gThe criteria used for pipe correlations for interphase
drag in the code is 0.08 m, i.e., for diameters greater than 0.08 m, slug flow correlations are not used in
pipes. This is discussed in Section 6.

3.2.4 References

3.2-1. G. DeJdarlais and M. Ishiinverted Annular Flow Experimental StudMUREG/CR-4277,
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3.2-2. V. H. Ransom et alRELAP5/MOD2 Code Manual, Volume 3: Developmental Assessment
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3.3 High Mixing Volume Flow Regime Map

3.3.1 Map as Coded

The high mixing flow regime map is included in RELAP5-8Dto account for flow through pumps.
Figure 3.3-1illustrates the map, which consists of bubbly and dispersed flow with a transition between
them. The transition consists of weighted combinations of bubbly and dispersed correlations, which are
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described in detail in the sections above. The map is based purely on void fraction, with bubbly flow
occurring below or equal to 0.5 and dispersed flow above or equal to 0.95.

D
:
Bubbly Transition e
3
d
0.0 0.5 0.951.0
Increasing void fraction >

Figure 3.3-1Schematic of high mixing flow regime map.

3.3.2 Map Basis and Assessment

The upper limit for bubbly flow ofog = 0.5 is based on Taitel, Bornea, and Duklgf? postulate
discussed in Section 3.1.2.1. In the absence of definitive data, this is a reasonable postulate, since vigorous

mixing takes place in the pumps. The transition to dispersed flow is consistent with Waiflisho
presents data indicating that only dispersed flow exists abgve0.96. (See Section 3.2.2.2 for further

discussion.) The use of a transitional region between bubbly and dispersed flow rather than including a
slug flow regime is appropriate, since the highly mixed nature of flow in the pump would disallow large
vapor/gas bubbles from forming.

3.3.3 Reference

3.3-1. G. B. WallisOne-dimensional Two-phase FloMew York: McGraw-Hill, 1969.
3.4 ECC Mixer Volume Flow Regime Map

Prior to the introduction of the ECC mixer (ECCMIX) component, RELAP523Dncluded the
three previously discussed flow regime maps, as described in the RELAP5/MOD2 fdhaald in the

RELAP5/MOD2 models and correlations repdft2None of those, however, would apply specifically to

the condensation process in a horizontal pipe near the emergency core coolant (ECC) injection point. A
flow regime map for condensation inside horizontal tubes is reported by Tandon®ét3dnd it was
considered a more suitable basis for the interfacial heat transfer calculation in condensation for this
geometry. According tdReference 3.4-3 the two-phase flow patterns during condensation inside a

. . . L , . - —a
horizontal pipe may be identified in terms of the local volumetric ratios of liquid and vapor}q}ae%‘ ,
9

and the nondimensional vapor/gas velocity, = [L} . Her = flow quality =
por/g % = | gDpy(pr—py) Row quality
a . :
_JdaPe¥y and G = mass flux sigpgVg + aprvs. ThUs X0, G = 0gpgvy. The term D is the diameter

cxgpgvg + C‘fpfvf
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of the channel. The flow pattern transition boundaries are presented in terms of the volumetric ratio on the
abscissa and; on the ordinate. The condensation flow regime map of TandorRetfaience 3.4-3

does not include any zone for bubbly flow; the existence of a bubbly flow regime at very low void
fractions cannot be logically excluded, particularly in a highly turbulent liquid flow. For this reason, a
region of bubbly flow was included for void fractions less than 2@# £ 0.2). Furthermore, to protect
against failure of the numerical solution, it is necessary to specify some reasonable flow patterns for every

combination of the volumetric ratios and, , and to include transition zones around some of the

boundaries between different flow patterns. The transition zones are needed for interpolation between the
calculated values of the correlations for the interfacial heat transfer and friction that apply for the different
flow patterns. These interpolations prevent discontinuities that would exist otherwise and could make the
numerical solutions very difficult. With these considerations, the flow regime m&ef#frence 3.4-3vas
modified, as shown irFigure 3.4-1 The modified condensation flow-regime map comprises eleven
different zones that include six basic patterns and five interpolation zoabke 3.4-1shows a list of the

basic flow patterns and the interpolation zones for the ECCMIX component, with their acronyms and flow

regime numbers, that are printed out in the RELAPS-3Butput.
Table 3.4-1List of flow regimes in the ECCMIX component.

Flow
regime Flow regime Acronym Remarks
number?
162 Wavy MWY Basic pattern
17 Wavy/annular mist MWA Transition between wavy ang
annular mist flows
18 Annular mist MAM Basic pattern
19 Mist MMS Basic pattern
20 Wavy/slug MWS Transition between wavy and
slug flows
21 Wavy/plug/slug MWP Transition between wavy,
plug, and slug
22 Plug MPL Basic pattern
23 Plug/slug MPS Transition between plug ang
slug
24 Slug MSL Basic pattern
25 Plug/bubbly MPB Transition between plug and
bubbly
26 Bubbly MBB Basic pattern

a. Flow regime numbers 1 through 15 are uséRE AP5-30°  for flow patterns in other
components.
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Figure 3.4-1Schematic of ECC mixer volume flow regime map (modified Tandon3é‘t'%J.

The variable names that are used in the coding for the coordinates of the condensation flow regime
map are

voider = 2=% (3.4-1)

— XflowG
[9Dpgy(Ps —Pg)]

stargj = v,

; (3.4-2)

12

In the coding, %,,,G is determined by averagirgpgvy for junctions 2 and 3, where it is assumed
there is no vapor/gas in junction 1 (ECC injection junction).

In terms of these variables, the different zones of the flow regime map are
If voider > 4.0, bubbly flow, MBB

If 3.0 < voider< 4.0 and stargj < 0.01, transition, MPB

If 0.5 < voider< 4.0 and stargj > 0.0125, slug flow, MSL

If 0.625 < voider 4.0, and 0.01 < stargj0.0125, transition, MPS
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If 0.5 < voider< 3.0, and stargg 0.01, plug flow, MPL

If 0.5 < voider< 0.625, and 0.01 < stargj0.0125, transition, MWP
If 0.5 < voider< 0.625, and 0.0125 < stargjl.0, transition, MWS
If voider< 0.5 and stargg 1.0, wavy flow, MWY

If voider< 0.5, and 1.0 < stargj 1.125, transition, MWA

If voider< 0.5, and 1.125 < stargj6.0, annular mist, MAM

If voider < 0.5, and stargj > 6.0, mist flow, MMS.

In the coding, each one of these regions is identified by a flow pattern identification flag, MFLAG,
whose value varies from 1 for wavy flow to 11 for bubbly flow. The flow regime numbdainle 3.4-1is
MFLAG + 15.

In addition to the transition zones that are showirigure 3.4-1and listed inTable 3.4-1, there are
two other transitions, namely,

. Transition between wavy and plug flows.

. Transition between annular mist and mist (or droplet) flows.

Interpolations between the interfacial friction, interfacial heat transfer, and the wall friction rates for
these transitions are performed through the gradual changes in the interfacial area in the first case and the
droplet entrainment fraction in the second case. Hence, there was no need for specifying transition zones
for these on the flow regime map.

3.4.1 References

3.4-1. V. H. Ransom et alRELAP5/MOD2 Code ManualNUREG/CR-4312, EGG-2396daho
National Engineering Laboratorfugust 1985 and December 1985, revised March 1987.

3.4-2. R. A. Dimenna et alRELAP5/MOD2 Models and CorrelationSJJREG/CR-5194, EGG-2531,
Idaho National Engineering LaboratoAtigust 1988.

3.4-3. T.N. Tandon, H. K. Varma, and C. P. Gupta, “A New Flow Regime Map for Condensation Inside
Horizontal Tubes,Journal of Heat Transfer, 104§ovember 1982, pp. 763-768.

3.5 Junction Flow Regime Maps

The junction map is based on both junction and volume quantities. It is used for the interphase drag
and shear, as well as the coefficient of virtual mass. The flow regime maps used for junctions are the same

as used for the volumes and are based on the work of Taitel and Bukfer1->Ishii,3-1-Tand Tandon et
a|.3.4-3
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Junction quantities used in the map decisions are junction phasic velocities, donored (based on
phasic velocities) phasic densities, and donored (based on superficial mixture velocity) surface tension.

The junction void fraction,a;,j , is calculated from either of the volume void fractions of the
neighboring volumesyy k or ag |, using a donor direction based on the mixture superficial velogitya]

cubic spline weighting function is used to smooth the void fraction discontinuity across the junction when
liml < 0.465 m/s. The purpose of this method is to use a void fraction that is representative of the real

junction void fraction. This is assumed to have the form

Ogj = Wjs Og+(1-w)eag, (3.5-1)
where
W, = 1.0 mi> 0.465 m/s
= X2 (3-2%) -0.465 m/s j,, < 0.465 m/s
= 0.0 mi< -0.465 m/s (3.5-2)
_ jm+0.465
X = 593 (3.5-3)
}n = dg’ ng'j + df,jvf,j . (35'4)

For horizontal stratified flow, the void fraction from the entrainment/pullthrough (or offtake) model
is used. The case of vertical stratified flow will be discussed in Section 6.1.3.8. The junction mass flux is
determined from

Gj = Oy Py, Vg | + 0Py j|Vi | - (3.5-5)

The methods for calculating, ;  ang @e the same ones that are used in TRAGB352

As with the volumes, four junction flow regime maps are used. They are a horizontal map for flow in
pipes; a vertical map for flow in pipes/bundles; a high mixing map for flow in pumps; and an ECC mixer
map. These will not be discussed in any detail because they are similar to the volumes flow regime maps.
The decision of whether a junction is in the horizontal or vertical junction flow regime is done slightly
differently than for a volume. The junction inclination (vertical) angle is determined from either of the
volume inclination (vertical) anglegy or @ , based on input by the user using a donor direction based on

the mixture superficial velocity,j. The formula used is similar to that used for the junction void fraction;
however, it uses the sine of the angle. It is given by
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sing = wsing + (1-w) sing_ . (3.5-6)

The vertical flow regime map is for junctions whose junction inclination (vertical) apgie such
that 60< |@| < 90 degrees. The horizontal flow regime map is for junctions whose junction inclination
(vertical) angleg is such that & || < 30 degrees. An interpolation region between vertical and horizontal
flow regimes is used for junctions whose junction inclination (vertical) aqple such that 30 <¢| < 60
degrees. This interpolation region is used to smoothly change between vertical and horizontal flow

regimes.

3.5.1 References

3.5-1. W. Weaver et al.TRAC-BF1 Manual: Extensions to TRAC-BD1/MOINUREG/CR-4391,
EGG-2417, Idaho National Engineering Laboratory, August 1986.

3.5-2. S. Rouhani et alTRAC-BF1 Models and CorrelationBJUREG/CR-4391, EGG-2680, ldaho
National Engineering Laboratory, August 1992.
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4 CLOSURE RELATIONS FOR THE FLUID ENERGY EQUATIONS

The one-dimensional nature of the field equations for the two-fluid model found in RELAPS5-3D
precludes direct simulation of effects that depend upon transverse gradients of any physical parameter,
such as velocity or energy. Consequently, such effects must be accounted for through algebraic terms
added to the conservation equations. These terms should be based on correlations deduced from
experimental data for their representation, or on models developed from sound physical principles. Some

of the correlations used in RELAP5-8D, however, are based on engineering judgment, due partly to the
incompleteness of the science and partly to numerical stability requirements. A significant effort has gone
into providing smooth transitions from correlation to correlation as conditions evolve to prevent numerical
instability.

The assessment of the heat transfer correlations used to provide closure for the energy equations is
complicated by the detailed nature of the correlations themselves. In general, each correlation is designed
to represent energy transfer under a specific set of thermal-hydraulic and thermodynamic conditions, and
each is typically measured for a fairly limited range of those conditions. A determination of accuracy may
be available for the developmental range of parameters, but an extension of the accuracy estimate outside
that range is difficult at best, and perhaps impossible mathematically. This situation is especially evident in
Section 4.2, which addresses the wall heat transfer correlations. By treating each correlational model
individually, a critical reviewer might generally conclude that the database over which the model was
developed does not apply directly to reactor geometries or thermal-hydraulic conditions. If left at this
stage, a conclusion of inadequacy could be reached. Yet the correlations have, in general, enjoyed a fairly
widespread utilization and have shown at least a qualitative applicability outside the documented data
range for which they were developed. The use of any given heat transfer correlation, either directly or in a
modified form, then becomes an engineering judgment, and the application to reactor conditions becomes
an approximation to the expected reactor behavior. When viewed in this context, the use of integral
assessments, which inherently measure a global response rather than a local response, becomes more
meaningful.

4.1 Bulk Interfacial Heat Transfer

In RELAP5-30° |, the interfacial heat transfer between the vapor/gas and liquid phases in the bulk
actually involves both heat and mass transfer. Temperature-gradient-driven bulk interfacial heat transfer is
computed between each phase and the interface. The temperature of the interface is assigned the saturation
value for the local pressure. Heat transfer correlations for each side of the interface are provided in the
code. Since both superheated and subcooled temperatures for each phase are allowed, the heat transfer may
be either into or away from the interface for each phase. All of the thermal energy transferred to the
interface from either side contributes to vaporization as it is used to compute the mass frnsfehe

vapor/gas phase. Conversely, all of the heat transfer away from the interface contributes to condensation,
since it is used to compute the mass transferred to the liquid phigge (n other words, the cases of

superheated liquid and superheated vapor/gas contribute to vaporization, while both subcooled liquid and
subcooled vapor/gas contribute to condensation. The net rate of mass transfer is determined by summing
the contributions, positive and negative, from each side of the interface.

The form used in defining the heat transfer correlations for superheated liquid (SHL), subcooled
liquid (SCL), superheated vapor/gas (SHG), and subcooled vapor/gas (SCG) is that for a volumetric heat

transfer coefficient (W/FK). Since heat transfer coefficients are often given in the form of a
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dimensionless parameter (usually Nusselt number, Nu), the volumetric heat transfer coefficients are coded
as

Hip = kf Nu &y = hipay (4.1-1)
where

Hip = volumetric interfacial heat transfer coefficient for phase p (Wm

Kp = thermal conductivity for phase p (W/meK)

L = characteristic length (m)

agf = interfacial area per unit volume tfmq)

hip = interfacial heat transfer coefficient for phase p (R¢)

p = phase p (either f for liquid for g for vapor/gas).

Individual correlations for heat/mass transfer are fully detailed in Appendix 4A. Expressions for the
cases of SHL, SCL, SHG, and SCG are given for each flow regime recognized by the code. The flow
regimes are those cataloged in Section 3. The following section discusses the relationship between the
coded correlations and the literature, the stabilizing and smoothing features built into the code, and
assessments (when possible) of the validity of the expressions for operating conditions typical to nuclear
reactors. The methods employed to smooth transitions amongst flow regimes are given in Appendix 4A
and are discussed herein. Furthermore, the techniques used to incorporate effects due to noncondensable
gases are presented and discussed. Reference should be made to the flow-regime maps in Section 3 to help
clarify Appendix 4A and the discussion to follow hereafter.

When one of the phases is superheated, the other phase is allowed to be either superheated or
subcooled. Likewise, if one of the phases is subcooled, the other phase is allowed to be either superheated
or subcooled.

4.1.1 Flow Regime Correlations

Flow regime correlations are shared amongst the four flow regime maps (horizontal, vertical, high
mixing, and ECC mixer) for flow regimes identified by the same names.

4.1.1.1 Bubbly Flow. In bubbly flow, the bubbles are viewed as spheres. If the liquid temperature
is between one degree K subcooled and one degree K superheated, the final liquid coefficgetiieH
result of a cubic spline interpolation between the superheated and subcooled result.

4.1.1.1.1 Bubbly Superheated Liquid (SHL, T ;> T°)-
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Vi, = max [vz We o }
? ¥ pimin(D' @}, D)
D = hydraulic diameter
D’ = 0.005 m for bubbly flow
min(0.001 ay,)
Fl =

Apup

min(0.25 o,

P2 - Apub

Fs = 1 ATg< -1
= max [0.0, j (1+ATgy) - AT -1 AdT<0
= max (0.0, k) ATg>0

F, = min [10°, ag (1 - Xy)] (107

Xn = noncondensable quality.

Model Basis and Assessment

The Nusselt number upon which the volumetric heat transfer coefficigi blased for SHL bubbly
flow is coded to be the maximum value produced by one of two correlations. The first correlation is

derived from an equation determined analytically by Plesset and ZWickyhich represents the growth
rate of a bubble radius, e.g.,

. AT
Fp = —a‘ktf e (4.1-3)
h o, 0
fg pgD 3 0
where
fo = time rate of change of bubble radius (m/s)
AT gt = liquid phase superheat (K) (5 7T9)
Ot = thermal diffusivity of liquid (n%/s)
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ks = thermal conductivity of liquid (W/wK)
hrg = latent heat of vaporization (J/kg)

Py = vapor/gas density (kgfn

Cot = specific heat of liquid (J/led).

According to Collie12the solution to Equation (4.1-3) is

_ 20Tokiy3t (2

ry = 4.1-4
b hfgpg E.h.afD ( )

Upon replacing the thermal diffusivity by its definition, substituting Equation (4.1-4) in Equation
(4.1-3), and rearranging, one obtains

6kf prpf [staIEF
fp = ~————t 2 . 4.1-5
b mr,  LChepyU ( )
As the bubble grows, there is positive mass trafigfeto the vapor/gas phase given by
pg4nrﬁfb
Mo = =~ (4.1-6)
where V is the volume.
g can also be givein terms of a heat transfer coefficient as
hyAT ¢ ATTF)
[P . 4.1-7
[[¢] hf ° V ( )

g

where h is the heat transfer coefficient (W?Kl). Defining a Nusselt number for heat transfer to the
growing bubble,

2r,hy
Nu, =
b kf

(4.1-8)

and combining Equations (4.1-5) through (4.1-7), one obtains
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12
EpfcpfATsat
Nu, = —w— (4.1-9)
pghfg

The original bubble growth rate equation of Plesset and Zwick, Equation (4.1-3), and hence Equation
(4.1-9) (which is used forH is based on several assumptions. These are

1. The bubble remains spherical throughout its growth.

2. Radial acceleration and velocity of the interface are small.

3. Translational velocity of the bubble is negligible.

4, Compressibility and viscous effects are negligible.

5. The vapor within the bubble has a uniform temperature and pressure equal to those of the
interface.

The authors, Plesset and Zwit; indicate that for a superheat of 1G for bubble growth in water,

negligible error in their theoretical estimate of bubble growth results from translational bubble velocity
(due to buoyancy) for bubble radii up to 1 mm. They further indicate that the heat transfer coefficient to the
bubble will increase for non-negligible bubble velocity. Since the study of Plesset and Zwick is apparently

for pool boiling, it seems appropriate to use relative velocity (as RELAP8-3ibes) rather than absolute
bubble velocity.

To account for the increase in Mulue to a significant bubble relative velocity, RELAP53D

employs a second correlation deduced by Lee and Ryféybut modified in RELAP5-3[5 ); the
original correlation fronReference 4.1-3s:

Nu, = 2.0+ 0.74R&Pr® . (4.1-10)

The Prandtl number dependence has been dropped in RELAP5-3m typical operating
conditions (Appendix 4B), the Prandtl number is Pr = 0.98, which represents less than a 1% error for
Equation (4.1-10).

Lee and Ryley derived their correlation, Equation (4.1-10), by observing the evaporation rate of a
water droplet suspended from a glass fiber into a superheated steam flow. The ranges of variables for
which the correlation is fitted are (a) droplet Reynolds number 64 - 250, (b) superheated steam pressure
14.7 - 29 psia, (c) superheat 5 - 8, and (d) steam velocity 9 - 39 ft/s. The data, as plotteRéference
4.1-3 fall within + 20% of the correlation. The form of Equation (4.1-10) is not original with Lee and
Ryley; Frossling# and Ranz and Marsh&it™ each fitted similar equations to their respective data,

obtaining coefficients of 0.552 and 0.6, respectively (as compared to O.74).‘k1r'§iﬁmmpiles data from
several sources for forced convective heat transfer to spheres ranging from 0.033 to 15 cm in diameter for

droplet Reynolds numbers ranging from 20 to@.1Bor the range of Re above that employed by Lee and
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Ryley (250 - 16), Equation (4.1-10) is in excellent agreement with the data plott&ference 4.1-6All
of the data plotted by Kreith are for atmospheric or near-atmospheric pressures.

There are several additional limitations of the data upon which Lee and Ryley based their correlating
equation. The most obvious is that they measured droplet evaporation and not bubble growth. Since their

correlation also holds for forced convective heat transfer over a sfjtlréﬁrﬂowever, it seems that it
should apply to a spherical bubble. Bubbles in bubbly flow, of course, deform significantly, especially as
they get bigger, raising questions as to the overall validity of Equation (4.1-10) for bubbly flow. A further
significant complication is the presence of turbulence in the flow. This is not the case for the range of Re

plotted in Kreith*1 since laminar flow prevails below droplet Reynolds numbers of 48d since,
presumably, care was taken to minimize free stream turbulence from those flows. Finally, the pressures at
which the aforementioned data were taken are far below typical reactor operating pressures, bringing
additional doubt to the viability of Equation (4.1-10) for typical operating conditions.

Additional smoothing functions have been added fofét SHL bubbly, as indicated in Appendix
4A. The additive term 0.4fjpsCF; is included to represent enhanced nucleation effects at low void
fraction following the pressure undershoot seen in experiments. This results in the pressure rise. Here, the
Stanton number of 0.4 was arrived at during the developmental asse$3mehRELAP5/MOD?2 for test
problems that exhibit an undershoot (i.e., Edwards Pipe, Marviken, GE Level Swetlpdfeases from
1.0 at a void fraction of 18 which reduces the effect of this term. Functiongérves to diminish [for a

void fraction between 0.25 and 0.5, although the opposite would seem to be in order since it is assumed
(see Section 3.1.2.1) that bubbly flow can exist abaye= 0.25 only if vigorous turbulent diffusion is

present. Such diffusion should act to enhance the heat transfer. Fungsambthly ramps on jdduring

the first 1 degree K period of liquid superheat; there is no nucleation temperature criteria. The ramping of
F3 allows the pressure undershoot to occur. Functiprefates to effects of noncondensables at low void

fraction. It is noted that no minimum bubble diameter is specified in the code, although a maximum one is

(dp max= Minimum of hydraulic diameter D af0050;.; )

Interfacial Area

Specification of the volumetric heat transfer coefficients &hd Hy requires an estimate of the

interfacial area per unit volumegfaWaIIis“'l'Sgives a detailed description of how the interfacial area per

unit volume for a spray of droplets can be found. An adapted version of Wallis’s discussion is given below,
since RELAP5-39 uses it for bubbly flow and dispersed (droplet, mist) flow.

A distribution for droplet diameter for a spray in the form of a probability density function and based
on a model deduced by Nukiyama and Tana&awas given as

pr(d*) = 4d*2 g2® (4.1-11)

where

p* = d'p(d) is the dimensionless probability function
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p = probability of a drop having diameter between d andd +
d* = dimensionless droplet diameterdz d'

d = most probable droplet diameter (m)

d = droplet diameter (m).

The Sauter-mean diameter,¢ can be computed from*cd*). A droplet having the Sauter-mean
diameter has the same area-to-volume ratio as the entire spray (that is, total surface area of the droplets
versus the total volume of the droplets). One can tife

0

Id3p(d)dd
dgp,= & . (4.1-12)

0

d’p(d)dd
|

Incorporating Equation (4.1-11) and writing in dimensionless form, one has

IdEf’e‘z“*ddD

dopp= 0 (4.1-13)
IdEf‘e‘ZdDddD
0

The improper integrals in Equation (4.1-13) can be evaluated in terms of the gamma function giving

r(6)
N 2° 512° 5
=< _=-2£ -2 4.1-14
Ao rd) 4128 2 ( )
25

The area-to-volume ratio for a droplet having a Sauter-mean diameter is

2
T _ 6 (4.1-15)
Ed3 dsm
6 sm

Asm

Vi

drop
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Now gy can be written

agf — Ainterfacial — Ainterfacial (4 1-16)
unit volume Vdrops
o

but
Asm — Ainterfacial
Vsm drop Vdrops

from the definition of Sauter-mean diameter. Hence, one can rewrite Equation (4.1-16) as

6o, _ 6arpn _ 2.40, (4.1-17)

ST, T T BT
where Equation (4.1-14) has been used.

The dimensionless mean droplet diamete= d./d' can be found -t

d, = J'dEbEKdEbddD . (4.1-18)

The lower limit of the integral in Equation (4.1-18) can be set to zero since a negative diameter is
meaningless. Substituting p*(d*) from Equation (4.1-11) into Equation (4.1-18) and integrating, one
obtains

_ _3
d, = 4 e (4.1-19)
Combining Equations (4.1-17) and (4.1-19), one obtains
3.6a
& = = (4.1-20)
o

It remains to specify the mean droplet diametgyjul order to find . This is done by assuming that
do = (1/2) dax @nd using the critical Weber number defined by
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2
-v;)d
Wecrit — pc(vg C\;f) max (4.1_21)

wherep, is the density of the continuous phase.

Before a value for g, can be calculated from Equation (4.1-21), the value for critical We for
droplet break-up must be specified. A similar Yyefor maximum bubble size in bubbly flow can also be

specified?18

The values used in RELAP5-5D for We,i; for pre-CHF droplets, post-CHF droplets, and bubbles
are 3, 12, and 10, respectively. (In the code itself,,\& given in terms of g rather than g, with

values given as 1.5, 6.0, and 5.0, respectively.) Note that the relative velqgitysed to find the bubble

size (¢) results in a maximum bubble size (minimum0d®050;,;  and hydraulic diameter D).

Although Equation (4.1-20) for interfacial area has been derived for droplet flow, it is used in
RELAP5-30° for bubbly flow as well.

In assessing the determination of the volumetric interfacial abgat aust be remembered that the

final result depends upon the fluid properties and three intermediate results: (a) the particle diameter
distribution function used to compute the Sauter-mean diameter, (b) the relationship betyemmdd

dnax @nd (c) the values used for Wg which determine the maximum particle size. While the particle

max

2
While there appears to be considerable variation in the parameters used to cogapttie @mbination

gives, for RELAP5-369

diameter distribution is based on Nukiyama and Tanagatvihe choice ofd, = is an assumption.

2
ay = 3-50‘9 = 0.72a_______gpf(v§—vf) ,bubbles
(o]
2
- 3'd6af = 2.4@, pre-CHF droplets (4.1-22)
0
2
= 3'§af = 0_69199—(\—/0-9—-—\/-9-, post-CHF droplets
o

In arriving at the combination of parameters that produces Equation , RELAP5/MOD2 developers set the
critical Weber number such that reasonable drag forces (which depend on drag coefficiegts\eadld

be predicted in order to simulate data from several separate effect§ te4td: 11 Further discussion
regarding these development efforts is given in the section on interfacial drag, Section 6.1.

In summary, the determination of volumetric interfacial argaf@r RELAP5-30° is based partly
on published theory/experiment and partly on tuning related parameters to fit RELAP5/MOD2 simulations
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of separate-effects test data. One of the separate-effects tests used was the Edwards pipe blowdown, and
comparisons of data and calculations for pressure and void fraction for this test are shReference
4.1-7. This calculation uses the bubbly superheated liquid interfacial heat transfer coefficient H

4.1.1.1.2 Bubbly Subcooled Liquid (SCL, T < T°)--

Model as Coded

FaFsh
Hy = —250PaPlbub i ified Unal and Lahey) (4.1-23)

pf_pg

where
Pr-Pg = max @ - pg, 107)
Fa, ap,p as for bubbly SHL

1

F5 = OO?SK_‘S Opub= 0.25
- 1.89C exp(-48iy,p) + 0.075K—fS Gpyp < 0.25
C = 65.0 - 5.69 x 18 (P - 1.0 x 1) Ri—s P<1.1272 x 16Pa
_ 2.5x10° 1
= WK_‘S P>1.1272x fGPa
P = pressure (Pa)
(0} = 1.0 )< 0.61 m/s
= (1.639344 |\ph0-47 M > 0.61 mi/s.

Model Basis and Assessment

Unar*112 gives the heat transfer coefficient for condensation at a bubble interface for subcooled
nucleate flow boiling as
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_ _Cohyd

(4.1-24)
2% -0
g pf
where
® = 1 y<0.61 m/s
Vv 0.47

= O_EfSJJ y>0.61 m/s
C = 65—5.69x1l§(P—1(§)—K—%; 16<P< 1P Pa

= 0.25 x 180 PlAng_%s 16<P<17.7x 16 Pa

and d is the bubble diameter. The teqris Unal’s velocity dependent coefficient, and C is Unal's pressure
dependent coefficient. The volumetric heat transfer coefficigptisHfound by multiplying h by the
volumetric interfacial area, @ Equation (4.1-22) . At the same time, Equation (4.1-22) provides an
expression for the average bubble diameter that can be used for d in Equation (4.1-24).

Hence, one can write

Hy = hay = Cohiday _ 3.60,Cohy, _ 1.80,Cohygp;p, . (4.1-25)
' ml_1pg Lol 10 Pr —Pyg

oLt = = _ =

q)g pr q:)g pr

Unal specifies the ranges for which his correlation fits the experimental data: (a) pressure, 0.1 - 17.7
MPa, (b) heat flux, 0.47 - 10.64 MW/m(c) bulk liquid velocity, 0.08 - 9.15 m/s, (d) subcooling, 3 - 86 K,
(e) maximum bubble diameter, 0.08 - 1.24 mm, and (e) maximum bubble growth time, 0.175 - 5 ms. The
assumptions made by Unal appear to be quite reasonable and supportable, except that the function C has a
discontinuity (factor of 2) &P = 1 MPa. Examination of Unal's papet1?and discussions with Urfal
indicated that the part 0.25 x 10P1418in the function C was obtained from Equation (12) in Unal's
papef-112by assuming Unal's terra? = 1 for 1 x 1 < P < 17.7 x 18 Pa. This was done because Unal
indicates that the dry area under the bubble disappears at ~ 1 MPa. Unal also indicates that the part 65 -

5.69 x 10° (P - 1.0 x 10°) in the function C is determined by linear interpolation and extrapolation using
values found from C for experiments at 0.17 MPa and 1 MPa. If one uses both parts of the function C but
assumes the dry area under the bubble disappears at 1.1272 MPa, then the function C is continuous to three

a. Personal communication, H. C. Unal to R. A. Riemke, February 1992.
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significant place4:1*3 This referenced modification, which was approved by Unal, is used in
RELAP5-30° to remove the discontinuity.

The 0.075 term in Fis the term used by Lah&y14for the interfacial condensation in conjunction
with his subcooled boiling model. The smoothing factor [expégip)] between the modified Unal and

the Lahey models was arrived at during the RELAP5/MOD2 developmental assebhent.

4.1.1.1.3 Bubbly Superheated Vapor/Gas (SHG, T 4> T°)--

Model as Coded
Hig = hg Fs F7 (4.1-26)
where

hig = 10* W/m?-K

gyt as for bubbly SHL

Fo = [1+1 (100 + 2)], N = |max (-2ATgy)|

ATgg = - Tg

e, _ max(ag, 10:2) .

max(agy, 107)

Model Basis and Assessment

The volumetric heat transfer coefficientjgiHfor bubbly SHG is based on an empirical correlation.

The vapor/gas interfacial heat transfer coefficiqgtzhlo“ W/m?-K, is chosen to be large in order to bring
the vapor/gas temperature rapidly toward the saturation temper&eference 4.1-15ndicates that a

value of 1¢ W/m?K is a reasonable condensation heat transfer coefficient to use for bubbles. Reference
Reference 4.1-15documents direct contact condensation experiments of saturated steam bubbles in

quiesent subcooled water; thus, the valu&\Wim?-K quoted in the reference would normally be used for
the liquid interfacial heat transfer coefficient.nPAs discussed in Section 4.1.1.1.2, the code instead uses
the modified Unal and Lahey models fof.iThe value 16 W/m?K is used in the code forifisince it is
representative and it is large. Functiog, Appendix 4A, enhances this tendency, especialyAgg
increases in magnitude. Function, fmproves numerical stability for low void fractions. The
determination of volumetric interfacial areay,ais discussed in Section 4.1.1.1.1. There is room for
improving the determination of ifor this case, although to the best of our knowledge, this might require
further experimental work.
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4.1.1.1.4 Bubbly Subcooled Vapor/Gas (SCG, T 4 <T°)--

Model as Coded

Hig as for bubbly SHG
Note thatATy> O for this case (Functionsf-

Model Basis and Assessment

The expression used for bubbly SCG is the same as for bubbly SHG, Appendix 4A, except that the
Nu enhancing function dincreases ki dramatically for large subcooled levels, pushingriore quickly
toward saturation temperature. The fact that Nu for subcooled vapor/gas is much greater than for
superheated vapor/gas, especially as the subcooling increases, seems appropriate in view of the unstable
nature of the subcooled state. Nevertheless, a better basis for the correlation for bubbly SCG is needed.

4.1.1.2 Slug Flow. In slug flow, interfacial heat transfer can be divided into two distinct parts: (a)
the heat transfer between the large Taylor bubbles and the liquid surrounding them, and (b) the heat
transfer between the small bubbles in the liquid slug and their host liquid. The heat transfer for each part is
summed to obtain the total. For the total bulk (superscript B, see Volume |) heat transfer rate per unit

vqume,QiE:J (W/n?), between the interface and a given phase, p, one has

Qb = th\A/‘tT:lAT + hb“b\/’/‘:’;bm (4.1-27)
where
hrp = heat transfer coefficient for Taylor bubble (Vi)
Atp = interfacial area of Taylor bubble ﬁn
hbub = heat transfer coefficient for small bubbles (Vi)
Abub = interfacial area of small bubbles3m
Viot = total volume of cell ()
AT = difference between the saturation temperature and the temperature of the phase
in question (K)
p = phase p (either f for liquid or g for vapor/gas).

Equation (4.1-27) can be rewritten
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A7pV1p AbubY bub

QP = hyy22AT + hy, AT 4.1-28
P TbVTthot " beuthot ( )
or finally

Qb = Hip AT + Hip puAT (4.1-29)

Hence, the volumetric interfacial area for each part can be computed either based on the volume of
that part (Taylor bubble or slug volume) or based on the total volume. The final volumetric interfacial area,
3y, must be based on the total cell volume as implied by Equation (4.1-27). One can write

81, b = C—-;f\% = 1, o 1o (4.1-30)
whereay 1, = C——: and f, = V—:O"t

and

8yf,bub = CZ:Z\%} = a;f,bubfbub (4.1-31)
whereay pup = %:Eand foub \\//Lt:tb

RELAP5-30° recognizes the contributions from the two distinct divisions of slug flow toward the
total heat transfer. The correlations for the contributions for the bubbles in the liquid slug are based on
those computed for bubbly flow, but are exponentially diminishedigacreases. The details of the coded

correlations for slug flow heat/mass transfer appear in Appendix 4A. If the liquid temperature is between
one degree K subcooled and one degree K superheated, the final liquid coeffigier,tie result of a

cubic spline interpolation between the superheated and subcooled result. If the vapor/gas temperature is
between one degree K subcooled and one degree K superheated, the final vapor/gas coeffidettieH
result of a cubic spline interpolation between the superheated and subcooled result.

4.1.1.2.1 Slug Superheated Liquid (SHL, T > T°)--

Model as Coded

Hit = H¢tb * Hitoub (4.1-32)
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where
Hit 1o = 3.0x 16 a;f,TbaTb
CI volumetric interfacial area (ffim3)
= 43'5(2.0) , 2.0 being a roughness factor
O1p = Taylor bubble void fraction glg_—_O(gs
gs
= Taylor bubble volumef/total volume
Ogs = the average void fraction in the liquid film and slug region
= apsFg
OBs = aq for bubbly-to-slug transition
Oga = aq for slug-to-annular mist transition
and

Hit pup is as for kt for bubbly SHL with the following modifications:

Opub = apsFo

Vig = (Vg - Vf) Fo?

afoub = (agbub (1 -01p) Fo
B = Fo

(8gfbubis as for bubbly SHL.

Model Basis and Assessment

The coded two-part correlation for slug SHL is presented in detail in Appendix 4A. The contribution
for the large Taylor bubbles, iy, is an ad hoc correlation. It is given a large value to promote a rapid
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return of T; toward the saturation temperature, since SHL is a metastable state. The roughness factor
appears to be a tuning coefficient.

The Taylor bubble void fractioniy,, is used to determine the fractiof,f Equation (4.1-30), that
comes from interfacial heat/mass transfer across the Taylor bubble bounggrigduation (4.1-31), is set
equal to (1 -a1p). The termary, is computed from simple geometric considerations and can be given in
terms ofag and the average void fraction in the portion of the flow where the liquid is the continuous
phase,0gs*1"1® The expression used fangs causes it to drop exponentially from the bubbly-siug
transitionag to near zero asy approaches the slug-annular-mist transition.

The part of K that is used to account for the heat transfer in the continuous liquid portion of the flow
is based directly on jd for bubbly flow, SHL, Section 4.1.1.1.1, but with some modifications. These
additional modifications to Iy, serve to further reduce the contribution of i, to the total volumetric
coefficient.

In summary, the primary purpose ofigHor slug SHL is to drive the liquid temperature to the
saturation value.

Interfacial Area

The expression used for the interfacial area for the Taylor bubble portion of slug flow,
ay = [4.5/ D](2),is based on an argument of Ishii and Mishifti’®1f one computes the surface area
per unit volume of a cylinder, one obtains

T2
Aoy Do (4.1-33)
V - T[ . . =
! ZDzychw

As the length of the cylinder J increases, the surface area of the ends of the cylinder becomes
negligible and the area-to-volume ratio becomes

i A
Lim  Aey _ 4 (4.1-34)

Lcyl — 00 chl Dcyl

Assuming that a Taylor bubble can be approximated by a cylinder and employing the felatfon
D1p = 0.88 Djpe ONe has

= 222 (4.1-35)
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where D is the hydraulic diameter. Except for the factor of two, Equation (4.1-35) is the same result given
by Ishii and Mishima for volumetric interfacial area. It is noted that it is appropriate to use the

cylinder/bubble volume in Equation (4.1-33) for RELAP53D since the fraction of the computational
cell used for k1, is the ratio of the Taylor bubble volume to the cell volume (see Model Basis and

Assessment above). Ishii and Mishiffal®insert a coefficient into the expression fa;  to account for

rippling of the Taylor bubble surface. A value of two is used in RELAPS-3Dr this coefficient.
4.1.1.2.2 Slug Subcooled Liquid (SCL, T < T°)--

Model as Coded

Hit = Ht 1o *+ Hif oub (4.1-36)

where
k *
Hitp = 1.18942Re)“Pr °5 3y, 700

where

arp anday 1, are as for slug SHL

o
K

Prf =
p:Dmin(jvi —v, 0.8)

R =
& H¢

and

Hit pup is as for bubbly SCL.

Model Basis and Assessment

The volumetric heat transfer coefficient for the interfacial heat transfer for the Taylor bubble portion
for slug SCL is based on a dependence of the Reynolds and Prandtl niiilerdusselt number upon
which Hg 1 is based varies as Ra& Appendix 4A. This dependence lies between that for laminar flow,

R and that for turbulent flow, Re? as reported by Kreitf:1® Also, the coefficient 1.18942 lies

a. The literature reference for this correlation is unknown as of this writing, and it is in the process of
being researched.

INEEL-EXT-98-00834-V4 4-18



RELAP5-3D/1.3a

between the laminar Sieder-Tate correlation coefficient, 1.86, and the turbulent Dittus-Boelter coefficient,
.33
0.023*1%[The Sieder-Tate correlation is also a function%% ] Since the liquid flow past a Taylor

bubble does not exhibit the full effects of turbulence but is probably not purely laminar, the correlation
used in the code should give a result that is plausible, although it may still be significantly in error.

The expression used for the bubbly part of the volumetric coefficignj bl is the same as that used
for bubbly SCL, Section 4.1.1.1.2. The apportionment of the two contributiong tie efffected the same
as for slug SHL, as is the determination gf a

4.1.1.2.3 Slug Superheated Vapor/Gas (SHG, T 4> T°)--

Model as Coded

Hig = Hg bt Hig,bub (4.1-37)

where
0.5 kg *
Higto = (2.2+ 0.8R€") 531 10

where
a;f,Tb anday, are as for slug SHL

_ PylVs —Vy D
Reg - g ug ¢]

and
Hig,bub= Ng Fe (1 - Op) 8yt bub
where

dtp and @¢pypare as for slug SHL

and

hiy and Fs are as for bubbly SHG.

Model Basis and Assessment

The contribution to the volumetric heat transfer coefficient from the Taylor bubble interfacial heat
transfer, Appendix 4A, is based on a modified form of the Lee-RyleSicorrelation derived for laminar
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flow heat transfer to a sphere (Section 4.1.1.1.1). The coefficients have been augmented from the original,
and the Prandtl number dependence has been dropped as is the case for interfacial heat transfer for bubbly
flow. While the bullet-shaped cap on the Taylor bubble may approximate a sphere, it seems inappropriate
to use the Lee-Ryley correlation for this case.

The heat transfer coefficient for the bubbly flow contribution is based on an empirical
correlatiod-1">for Hy; b, @long with an enhancement functiog. Fhese are as for bubbly SHG and are
discussed in Section 4.1.1.1.3. The apportionment;pbetween the two contributions is based on the
sameo Ty, as for slug SHL, Section 4.1.1.2.1.

4.1.1.2.4 Slug Subcooled Vapor/Gas (SCG, T 4 < T°)--

Model as Coded

Hig = Hg,b * Hig,bub (4.1-38)
where

Hig, b = hig Fe O1p a;f,Tb

wherea, and a;f,Tb are as for slug SHL,

hiy and Fs are as for bubbly SHG,

and

Hig.bubis as for slug SHG.

Model Basis and Assessment

Both contributions to Ky for slug SCG (Ky1p and Hgpuy are based on an empirical

correlatioft1-*°along with enhancement functiog.FAlthough the two parts look similar, the interfacial
area is different for each. The large values for Nu used for slug S@@¢Feases dramatically for large

subcooled levels) are apparently designed to drive the vapor/gas temperature toward the saturation value.
This seems reasonable in view of the fact that subcooled vapor/gas is an unstable state.

4.1.1.3 Annular Mist Flow. For annular mist flow, the interfacial heat transfer results from two
contributory sources: (a) the heat transfer between the annular liquid film and vapor/gas core, and (b) the
heat transfer between the vapor/gas core and entrained liquid droplets. The correlations that are used to
represent the overall volumetric heat transfer are constructed from the two contributing sources, as in the
case for slug flow. Equations (4.1-27) through (4.1-31) for slug flow apply to annular mist flow as well,
except for the identities of the two sources. One can write [see Equation (4.1-29)]
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Qb = Hip.anAT + Hip 4 AT, (4.1-39)

where subscript ann refers to the annular film-vapor/gas core contribution and subscript drp refers to the
droplet-vapor/gas core contribution. Further information regarding the correlations coded in

RELAP5-30° are recorded in Appendix 4A. If the liquid temperature is between one degree K subcooled
and one degree K superheated, the final liquid coefficignisHhe result of a cubic spline interpolation

between the superheated and subcooled result. If the vapor/gas temperature is between one degree K
subcooled and one degree K superheated, the final vapor/gas coeffigientie result of a cubic spline
interpolation between the superheated and subcooled result.

4.1.1.3.1 Annular Mist Superheated Liquid (SHL, T > T°)--

Model as Coded

Hit = Hfannt |"if,drp (4.1-40)
where
Hitann = 3.0 x 16 & annF10
dgfann = g%%l —ag)"?
Cann = 2.5 (3@1) Y8 where 2.5 is a roughness factor
O = max (0.00¢F 1)
Fiy = y max [0.0, (1-G)] exp (-G, x 10° A%
Ce = 4.0 horizontal
= 7.5 vertical
A = i horizontal flow
Verit
= dg¥g vertical flow
Verit
Vg = max (|, - v¢l, 101
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Vit (horizontal) =

Vqid(vertical) = 3.2

Q
1

Re =

OaDp =

OeF =

and

Hitarp =

fdp T
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(pf - pg)gagApip

_30[|
pyDsind .

1/2 15
} (1-cosd), [vg—vi| 107%, 10

O
max [0.5[
O

[see Equation (3.1-2)]

[o*g(p;—py)] """
1/2
g

[see Equations (3.2-20) and (3.2-22)]

max ©, 107)
104 Rg®

o Ps|Vvy| D
My

y Oy >0gp andas <Ogp

1 otherwise

O —0Uap

Ogr—0ap

104
max [20p, Min (2.0 x 10° %’ 2 x 10%)
f

min (1.0 +A[Y2+ 0.05}|, 6)
k
oT; F12 F13 &1,drp

3.60
d fd(l—O(ff)
d

m AT
2.0+ 7.0 min [1.0+ Cpmax(QATe) 8.0}

hyg
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a2
Vfg

*k

g

Uig

Oap

characteristic droplet diameter %dmax )

WLZO , We = 1.5, Wes = max (Weo, 1019)

pgvfg

max [V**z Weo }
o p,min(D'ay;’, D)

Vig 0710° o < 10°
Vig o > 10°
Vg (1 - F11y) Og > 0gp andas <Ogg
Vg (1 - Fr) otherwise
Vg - Vg
0.0025 m

e —0g  +
max 1o, Oap
dapY + 10° (1 -y) Og > 0gp andas < Ogp
Oap otherwise
10*

1 +£ (250 + 5@)

max (0, -ATgy).
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For an annulus component and a multid component (no drops opton)y; andasy = 0.

Model Basis and Assessment

The Nusselt number, upon which the annular film portion of the volumetric heat transfer coefficient
is based, is simply a large number, designed to pydloward the saturation temperature. Functiqg, F
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Appendix 4A, is a smoothing function that greatly decreasgg,las the velocity ratios parameta&r
approaches zero.

The Nusselt number for the droplet to vapor/gas core is represented by a fungtiomhieh grows

quadratically as the magnitude Aff increases (helps drive; Toward T), and by a function of F;,
whose value is 9 for superheated liquid.

Interfacial Area

The interfacial areas per unit volume for the annular film-vapor/gas core interface contribution as
well as that for the droplet-vapor/gas core are based on simple geometric considerations as given by Ishii

and Mishima*1-18|t is appropriate to give the derivation leading to the resultReference 4.1-16nd
then show how these results are transformed into the coded version.

The volumetric interfacial area of the liquid annular film in a pipe is

81, ann = ggzt = ‘% (4.1-41)
where

D’ = inner diameter of liquid annulus

D = diameter of pipe

L = unit pipe length.

An expression for the ratib’/D  can be found in terms of volume fractions. First, one can write
VCOI’E

_ %Eb'ZL _D?
Viot %[HDZL D?

(4.1-42)

where
V core = idealized volume of the vapor/gas core
Viot = volume of control volume.

Also, one can write
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Vg
Vcore Vtot Gg ag
—— = mm— = % = (4.1-43)
Vtot Vg agd 1_afd
Vcore
where
Vg = volume of vapor/gas (all of which is assumed to be in the core)
Ogd = vapor/gas (void) fraction in the core [defined in Equation (4.1-43)]
Otqg = liquid fraction in the core [defined in Equation (4.1-43)].
Hence,
_ 4o 40 % 17
-5 = = 4.1-44
agf ann DD O DEH.—Gde ( )

which is the expression given Reference 4.1-16

The coded expression for volumetric interfacial area is given in terrag ahe liquid fraction of the
annular film, or

a, = V\f/—:'o'i“ = 1—\\/;—:: = 1—1_°‘g(fd . (4.1-45)
Rewriting, one obtains

1f‘gfd = 1-ay . (4.1-46)
Applying this result to Equation (4.1-44) yields

8y, ann = g(l—ouf)”2 : (4.1-47)

This is the same as the coded version shown above, with the exception ofthéacor. G,
contains a multiplier of 2.5 as a roughness factor to increase the surface area for mass transfer, and a term
(30 (J(ﬁ«)”8 that gives a value near unity fog between 0.01 and 0.1, yet ensungs ., —» 0 asay - O
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The volumetric interfacial area for the droplets in the vapor/gas core is derived as detailed in Section
4.1.1.1.1 and is given by Equation (4.1-20):

* 3-&
9t drp = dq “ (4.1-48)

where @, denotes a droplet diameter ang is the liquid fraction in the vapor/gas core. In order to

normalizea;f,drp to the total cell volume, it must be multiplied by the fraction of the total cell volume
occupied by the core, Equation (4.1-43). Using Equation (4.1-46) one has

3.6a
Ayt arp = —a;ﬂ(l—aﬁ) : (4.1-49)

which is the coded version as indicated in Appendix 4A. The liquid fraction of the annulardim,

depends upon the amount of liquid entrained in the vapor/gas core. Using Equation (4.1-46), the variable
O¢q can be shown to be

Qpg = T__O?: (4.1-50)
Liquid Droplet Entrainment Model and Assessment
This model is discussed in Section 6.3.
4.1.1.3.2 Annular Mist Subcooled Liquid (SCL, T (< T°)--
Model as Coded
Hit = Htannt Hifdrp (4.1-51)
where
Hiann = 102 prCpt M| @ ann F10 (Modified Theofanous)
3gt.anna@nd R are as for annular mist SHL
and
ks -
Hitarp = ch F13 8yt drp (Modified Brown)
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where
3yt,.drp F13 and ¢ are as for annular-mist SHL.
For an annulus component and a multid component (no drops opton)y; andasy = 0.

Model Basis and Assessment

The volumetric heat transfer coefficient for annular mist SCL is comprised of two parts (Appendix
4A). The contribution from the interface between the liquid annular film and the vapor/gas core is based on
a model given by Theofanods: 1’ Theofanous makes reference to an earlier work (Brumfield, Houze,
Theofanou@l'm) wherein models are obtained for the mass transfer coefficient for vapor/gas absorption
by a turbulent, thin, falling liquid film. The mass transfer models are compared with data for watetGt 25
absorbing various gases for turbulent Reynolds numbexR800. (Reis defined below.) The agreement

with the data is very good. Theofandus!’then writes the heat transfer analogues of the mass transfer
correlations, using the same numerical coefficients and exponents. These are

Nu, = 0.25 R¢/4 Prt/2 Re> 500
= 0.70 R&?pr/2 Re< 500 (4.1-52)
where
_ha .
Ny = P A = integral scale of turbulence
_UA _ , ,
Re = > u = turbulence intensity

and where a fully developed residence time is assumed. Introducing the Stanton rﬁ‘m:b%r

and approximating®~7u= 5 x 10%v, where v is bulk liquid velocity, Equation (4.1-52) can be rewritten as

h

St =
Pr Cpr Vs

=1.25 x 1¢ Rg V4 prl/2 Re> 500

= 3.5 x 10° Rg V2 pr1/2 Re< 500 . (4.1-53)

Theofanou$11"then declares that the usual range fof Re.(? - 10% and chooses Pr = 3. Finally,
he indicates that for either Re500 or Re< 500, one obtains for St, using the numbers indicated
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St ~ 1x10Pto3x 103 . (4.1-54)

Theofanou$11’goes on to develop an expression for the decay of St for a liquid jet flow where the
turbulence decays with increasing distance from the initial orifice. He finally arrives at a correlation that

compares favorably with experimental datd’ and is written as
-1/2
St = 2x 10 %E . (4.1-55)

Comparing Equation (4.1-55) to Equation (4.1-54) for a value of | = d (d = orifice diameter, | =
streamwise distance), Theofan8ds!’ notes a difference in St of an order of magnitude for which he can
only partly account. Theofanous indicates the correlation is based on data for I/d = 4 - 600, d = 0.02 - 1.5

cm, v=0.2-38m/s, and Re = 4.5 ¥1@® x 16.

The coded version for the heat transfer coefficient is (Appendix 4A)
h = 103pCpelvil Fro (4.1-56)

where it has been assumed that St =, H given in Equation (4.1-54).

Several weaknesses in the coded correlations as it relates to the original mass transfer model of
Brumfield et a*1"8can be identified:

1. The original correlation is based on a falling-liquid film surrounded by quiescent air,
whereas annular-mist flow involves a flowing, possibly turbulent, possibly laminar
vapor/gas core.

2. The original correlation is based on the liquid velocity against quiescent air. The liquid
velocity in the code is a single bulk value representing both the liquid annular film and the
liquid droplets in the core. As such, it is possible for the liquid velocity to be zero when
the mass flow of droplets in one direction is balanced by an annular-film flow in the
opposite direction. In such a case, the code would incorrectly predict zerp fgr H

3. The original correlation is based on turbulent flow for the liquid film. In an actual reactor
flow, the liquid film may be in laminar flow, or it may be stationary, as in vertical flow
when just enough drag is imparted by the core flow to prevent downflow of the annular
film.

4, The original mass transfer correlation is based on isothermal flow. The code attempts to
simulate flows with boiling heat transfer where bubbles may form at the pipe wall and
push their way toward the annular film-vapor/gas core interface, thereby dynamically
enhancing the mass/heat transfer.
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5. The original correlation for mass trangfér/is valid for high values of Schmidt number,
Sc, whereas the heat transfer analogue of Sc, the Prandtl number, is of order unity for most
flows of thermal-hydraulic interest. This means that the heat transfer analogue of the

original mass transfer correlation is not valid for smajl#Ret’

6. Finally, there is the problem discussed above, that an order-of-magnitude difference exists
between Equation (4.1-54) and Equation (4.1-55) for I/d ~ 1.

In summary, the weaknesses described above make the applicability of the correlatign, ftd
reactor conditions unclear. It must be assessed against experiment to determine its validity.

The volumetric heat transfer coefficient for the vapor/gas core interface to liquid droplets is based on

a paper by Browr:1"1°Brown solves a classical transient-heat conduction problem for a sphere immersed
suddenly in a uniform temperature bath. The boundary condition at the surface is simply that the surface
temperature remains constant at the bath temperature, implying a very large heat transfer coefficient from
the bath to the sphere. Brown then forms an internal energy balance in which an internal heat transfer
coefficient is defined between the surface and internal mean temperature. This heat transfer is set equal to
the increase in the thermal energy of the sphere. An unsteady, one-dimensional heat conduction problem

. . : - T .
has been linearized. A graph showing the variatioNaf = bkg vet‘réhs , or the ratio of mean to surface
S

temperature, is shown irigure 4.1-1 The mean temperature is, of course, a function of time. The coded

, . , T .
version of H 4, is based on the curve ifigure 4.1-1 The fact that Nu drops a?m increases follows
S

from Fourier’'s law of conduction, which indicates that the heat transfer will decrease if the temperature
gradient (related to §T,,,) decreases. The coded version of Nu for this case (Appendix 4A) is represented

by Function k3, which is

Cormax( 0.0 ATy)
hyg

Fiz = 2.0+ 7.0 min[1.0+ ,8.0} . (4.1-57)

, . T .
F13 gives Nu = 9, compared to Nu = 10 Figure 4.1-1, for ?m = 1 (ATg = 0). It also gives the
S
_ . T : . .
correct trend of Nu increasing acF’—” decreagEE( increasing). It is not clear, however, how Brown
S

arrived at the curve for Nu irfrigure 4.1-1 since Nu is a complicated function G.f_m and involves
S

specification of droplet diameter and length of time since initiation of heat transfer. Brown does not
specify either of the above in arriving at the functional relation$hgure 4.1-1

In evaluating the validity of the model for Nu provided by Brot#i1° the following points are
noted:
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Figure 4.1-1Nusselt number as a function of mean-to-surface-temperature ratio for heat conduction in a
sphere.

1. Brown's heat transfer problem does not address increasing droplet size due to
condensation except in a correction applied to the mean temperagyrk,ig not clear if
this correction is incorporated in obtaining the curveFigure 4.1-1 Furthermore, it
appears that this correction is wrong, since it does not account for the relative masses of

the original drop and the additional condensate. The correction is gft/&rias

T

L+ CorbT

fg

T = (4.1-58)

where T, is the mean temperature of the original drop apdhat for the drop plus new
condensate.

2. Brown assumes that the surface temperature of the drop remains constant; this same

condition is assumed in RELAP5-8D wherein the interface is assumed equal to the
saturation temperature. Thus, the “convective” heat transfer between the interface and
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mean droplet temperature is actually based on conduction. True convection in the droplet
is neglected. On the whole, this seems an appropriate simplification.

3. It is stated by Brown that this curvEjgure 4.1-1, is based on k = 0.38 Btu/hreff, the
thermal conductivity of water at about 150

In summary, it seems that the correlation foy 4}, could be based on firmer ground by including the

effects of condensation and comparing such with experimental data. An evaluation of this correlation
requires assessment against experiment.

4.1.1.3.3 Annular Mist Superheated Vapor/Gas (SHG, T 4 > T°)--

Model as Coded
Hig = Hg,ann* Hig,drp (4.1-59)
where

_ Kg 8
Hig,ann - '5 0.023 Ré agf,annFlo
Reg - O(gpg|Vg _Vfl D
Mg

F10and @fannare as for annular mist SHL

and
kg 5y 4

Hgarp = 3.(2:0+ 0.5 R&)ay.ar
where

dq is as for annular mist SHL

25  ~ 25
Rey - (1-0¢4)""PgVsgdg _ Wee a(1—-0y) We =15,

Mg MgVtg

We o = max (Weo, 1010)

Gt drp = Ayt drp Of > Oap
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3yt,drp Ofdr Vig » anda,, are as for annular mist SHL

and
Fi4 = 1.0 - 5.0 min [0.2, max (BTsy)].
For an annulus component and a multid component (no drops opton)y; andasy = 0.

Model Basis and Assessment

The coded correlation for the heat transfer between the vapor/gas and the liquid-vapor/gas interface
for annular mist SHG consists of two parts.

The contribution to K from the heat transfer from the vapor/gas to the liquid annular film is

represented by a correlation obviously based on the Dittus-Boelter relation. While the Dittus-Boelter
correlation is valid for turbulent flow, there is no test for turbulent flow in the code. An evaluation of this
model requires an assessment against experiment.

The expression used to represent heat transfer from the vapor/gas core to the entrained liquid

droplets is based on the correlation of Lee and Rﬁléﬁexcept that the coefficient of the Reynolds
number is changed from 0.74 to 0.5. A discussion of the Lee-Ryley model is given in Section 4.1.1.1.1.

The Reynolds number used for the modified Lee-Ryley correl&tictemploys a mixture viscosity
defined as

Hc

M = —
(1_ad)2.5

(4.1-60)

where ¢ and d represent continuous and dispersed phases, respectively. This relationship is given by Ishii
and Chawl&120for use in a drag correlation for dispersed droplet flow. The Lee-Ryley correlation,

however, employs Re based on the continuous pr%: UWSE , wheretble free-stream velocity

and d is the droplet diameter. It seems inappropriate, therefore, to use a mixture viscosity.

Another significant limitation of the coded correlation appears to be that the liquid velogitsed
in the Reynolds number is some average of the annular film and entrained droplets, rather than just the
velocity of the droplets. The relative velocity computed, then, is not a true relative velocity for the droplets
flowing in the vapor/gas core.

In summary, significant doubts remain about the validity gffet annular mist SHG.
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4.1.1.3.4 Annular Mist Subcooled Vapor/Gas (SCG, T 4 < T°)--

Model as Coded

Hig = Hg,ann™ Hig,drp (4.1-61)
where
Higann = higagt,annF10Fe
where ky, and g are as for bubbly SHG, ang;gnnand R are as for annular mist SHL and
Higarp = higa;;f,drpF(S
where
8yt arp IS @s for annular mist SHG.

For an annulus component and a multid component (no drops optor)y; andasy = 0.

Model Basis and Assessment

Both parts of the volumetric heat transfer coefficieny fbr annular mist SCG are based on large
values which increase quadratically/sBgyincreases (Functiong=Appendix 4A). This practice is clearly
intended to pushgtoward the saturation temperature from its metastable subcooled state.

4.1.1.4 Inverted Annular Flow. The volumetric heat transfer coefficients for inverted annular
flow, Hi and Hg, are each based on the contributions from two sources: (a) the interfacial heat transfer
between the bubbles and liquid in the liquid core (Begure 3.2-3 and (b) the interfacial heat transfer
between the liquid core and the annular vapor/gas film surrounding them. Equations (4.1-27) through
(4.1-31) for slug flow apply to inverted annular flow with the annular contribution replacing that for the
Taylor bubble (Tb). Hence, one can write for the total heat transfer:

Qip = Hip.ouAT + Hip andT (4.1-62)

If the liquid temperature is between one degree K subcooled and one degree K superheated, the final
liquid coefficient Hs is the result of a cubic spline interpolation between the superheated and subcooled
result.

4.1.1.4.1 Inverted Annular Superheated Liquid (SHL, T > T°)--

Model as Coded
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Hit = Hgtpub * Hif ann (4.1-63)
Hit pub is a@s for kt for bubbly with the following modifications:
Vig = (Vg—Vi)Fie (4.1-64)
where
Fi6 = 1-Fy7
—-8(ags—a
Fiy - exp[ (Ogs IAN ):| Fue
Ogs
AN = g Inverted annular
= Ogs IAN/ISLG transition (se€eigure 3.2-1)
F = minS-2 0.999998)
18 [0.05
B = Fie
Og = Opub
(Cjan —0p) , 7
a = maX —————, 10 }
bub xi: (1 — GB)
Op = F17aiaN
3.6a
fbub T d—bUb(l —0g)Fis
b
dy = average bubble diameter (see bubbly SHL)
and
Hifann = 3x1¢ &f,ann
where
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4
&fann  ~ D F15(2.5)

(1 _ GB)llz.

Fi5

Model Basis and Assessment

The volumetric heat transfer coefficientjs i, for inverted annular SHL is based on that for pure

bubbly flow SHL, Section 4.1.1.1.1, with some modifications to account for the fact that it only represents
one part of the interfacial heat transfer. Functiqg Appendix 4A) is an ad hoc function that accounts for

the decrease in that portion of the void fraction related to the bubblegiasreases. Conversely; =1

- F1¢) represents the increasing portioncgfdue to the annular vapor/gas blanket. As such, the interfacial
area, grpup IS correctly apportioned (see Section 4.1.1.3.1), asigrehe average vapor/gas volume of
the annular vapor/gas blanket (analogousi§, anday,, the void fraction of the bubbles in the liquid
slugs.

The selection of the correlation to be used faf g, either Plesset-Zwick! ! or Lee-Ryley?13
(Section 4.1.1.1.1), is affected, however, by diminishing the first (via pararfgtand increasing the
second [via ;@(Fle)z]. In forcing the selection of the Lee-Ryley correlation for largey, which is

appropriate, this logic also increases the magnitude of the Lee-Ryley correlation, which seems
inappropriate.

The value used for fl,,, is simply a large number to drive; Toward the saturation temperature,
since this is a metastable state. The combination of the two partg afrtdunts to an ad hoc correlation
which must be assessed against experiment.

4.1.1.4.2 Inverted Annular Subcooled Liquid (SCL, T ;< T°)--

Model as Coded

Hit = Hg¢pub * Hit,ann (4.1-65)

where

Hit pub IS as for bubbly SCL

and
I Iif,ann - D R AN g, annI 3

where
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(1—0(|AN)pf|Vf _Vg| D
Hs

Rean =

3gf.ann@ndaay are as for inverted annular SHL anglis-as for bubbly SHL.

Model Basis and Assessment

The same expression is used to compuig,ig for SCL as for bubbly SCL, Section 4.1.1.1.2. The
expression used forH},,is obviously based on the Dittus-Boelter correlation for turbulent flow in a duct.

While the relative velocity is appropriately used in computing the Reynolds number for the Dittus-Boelter
correlation, the correctness of the values it gives is unknown and must be assessed against experiment.

4.1.1.4.3 Inverted Annular Superheated Vapor/Gas (SHG, T 4 > T°)--

Model as Coded

Hig = Hgbub* Higann (4.1-66)

where
Higouo = hig Fe 3yt bub
where

hig and g are as for bubbly SHG angsgpis as for inverted annular SHL

and
Kg .
Hig,ann = B Fio 34, ann
where
Fio = 2.5 -ATg4(0.20 - 0.1\ Ty
' — agf,ann
agf, ann F20
Foo = 0.5 max (1.0 - ks, 0.04).

Fisand gt annare as for inverted annular SHL.

Model Basis and Assessment
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Both contributions to k4 for inverted annular SHG are clearly ad hoc correlations and must be
compared to experiments for evaluation purposes.

4.1.1.4.4 Inverted Annular Subcooled Vapor/Gas (SCG, T , < T°)--

g

Model as Coded

Hig is as for inverted annular SHG.
Note thatATsy> O for this case (Function §.

Model Basis and Assessment

The same expression is used for this case as for inverted annular SHG with the minor variajign of F
for ATgq> 0 versusiTgy< 0, as noted in Appendix 4A. Since the expression used gives increasingly large
values for Nu asAITSd increases, the treatment is consistent with those for metastable SCG for other flow
regimes.

4.1.1.5 Inverted Slug Flow. The inverted slug flow regime as envisioned by DeJarlais and

Ishii*1-21 consists of bubble impregnated liquid slugs flowing in a pipe core surrounded by a vapor/gas
blanket containing liquid droplets (sd&gure 3.2-3. The coded volumetric heat transfer coefficients
recognize the liquid droplets, vapor/gas blanket and liquid slugs, but not the presence of bubbles in the
slugs. Contributions to the interfacial heat/mass transfer in the bulk are recognized, then, as coming from
two sources: (a) the liquid droplet interfaces in the vapor/gas annulus and (b) the liquid slug/annulus
interface. It is assumed, apparently, that the liquid slugs are so long that any contributions to interfacial
heat transfer at their ends are negligible. One can write for the heat transfer as coded

Qip = HiannAT + Hig gpAT . (4.1-67)

If the liquid temperature is between one degree K subcooled and one degree K superheated, the final
liquid coefficient Hs is the result of a cubic spline interpolation between the superheated and subcooled

result.
4.1.1.5.1 Inverted Slug Superheated Liquid (SHL, T ;> T°)--

Model as Coded

Hif = Hfannt Hif,drp (4.1-68)

where

k
Hif,ann = -D—f Fio F13 34t ann
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agf,ann

ag

adrp

F21

L%SCXB(Z.S) , Where 2.5 is a roughness factor

(1-asp) F21

Osa—0g ]

exp%— 0

Osp—0gg

F1»is as for annular mist SHL

and

Hif drp

where

agf,drp

Vfg

K
d. F12 Fi3 &gt arp
d

3,60,
dd (1_GB)

characteristic droplet diameter %ﬂmax )

WLZG , We = 6.0, Wes = max (Weo, 1019

pgvfg

max [(Vy - V) F5,, 0.001], We = 6.0.

The drop diameter is the maximum qf @nd q,i,, where ¢, = 0.0025 m for P* < 0.025 and 0.0002

m for P* > 0.25,P* =

P . Between P* = 0.025 and P* = 0.25, linear interpolation is used. The drop

Pcritical

diameter is the minimum of ¢ D, and 0.0025 m. Also, above a thermodynamic equilibrium quality of
-0.02, the inverted slug interfacial heat transfer coefficiepti$i linearly interpolated with respect to
equilibrium quality to a dispersed (droplet, mist) flow value at a thermodynamic equilibrium quality of

Zero.

Model Basis and Assessment
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The expressions for F,n, and Hg g, are both based on large values for the Nusselt number as
provided by function F, (see Appendix 4A). This tends to drive tbward the saturation temperature and
is consistent with other treatments in the code for metastable states.

Interfacial Area

The interfacial areas for the annulus/droplet portion and the slug/annulus portion are derived
analogously to those for slug flow, Section 4.1.1.2. The void fraction of the liquid gids analogous to

that for a Taylor bubblegy, and the average droplet void in the vapor/gas blarkgt, is analogous to
the average void fractiomygs in the liquid annulus for slug flow. That is, the interfacial areas are

computed for inverted slug flow by simply reversing the liquid and vapor/gas phases from slug flow. The
droplet void fractionp, in the vapor/gas annulus is based on an ad hoc expression which exponentially

increases the portion of due to droplets asg increases until the transition void fractiang, is reached,

at which point all of the liquid is appropriately assumed to be in droplet form. The larger minimum drop
size at low pressure was put in to allow more vapor/gas superheat during reflood.

4.1.1.5.2 Inverted Slug Subcooled Liquid (SCL, T < T°)--

Model as Coded

Hit = Htann* Hifarp (4.1-69)

where

Ki

Hif,ann = D F13 34t ann

F13is as for annular mist SCLg@nnis as for inverted slug SHL
and

K
Hif drp = d_d Fis 8yt arp

where

3gt,drp IS as for inverted slug SHL.

Also, above a thermodynamic equilibrium quality of -0.02, the inverted slug interfacial heat transfer
coefficient H; is linearly interpolated with respect to equilibrium quality to a dispersed (droplet, mist) flow

value at a thermodynamic equilibrium quality of zero.

Model Basis and Assessment
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The expressions for 4, and H g for inverted slug SCL are both based on Brovi's-?model

for droplets condensing in vapor/gas. The weaknesses of this model are discussed in Section 4.1.1.3.2.
While Brown’s model may be appropriate for¢k, it clearly is not appropriate for the heat transfer

between the liquid slug and vapor/gas interface. An evaluation of the expressions for inverted slug SCL for
His requires assessment against experiment. Not allowing inverted slug flow when the liquid is saturated

seems appropriate, because the water globes do not hold together well when they do not have the
momentum forces of condensing vapor/gas on their boundaries.

4.1.1.5.3 Inverted Slug Superheated Vapor/Gas (SHG, T 4> T°)--

Model as Coded

Hig = Hg,ann* Hig.arp (4.1-70)

where

k, Fio
Bg F_l agf,ann

Hig,ann

F1gis as for inverted annular SHGy gnnis as for inverted slug SHL

[l
Foo = maxDO 02 mnIE %L gDOZ}D
0 0
and
_ kg 5
Hig,drp - d_d(20+ 0.5 Rérp)agf,drp
where
dg and gt grp are as for inverted slug SHL
and
RQ‘jrp — pgvfgdd
Hg

where We = 6.0 and We= max (Weo, 1019).
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Above a thermodynamic equilibrium quality of -0.02, the inverted slug interfacial heat transfer
coefficient Hy is linearly interpolated with respect to equilibrium quality to a dispersed (droplet, mist)

flow value at a thermodynamic equilibrium quality of zero.

Model Basis and Assessment

The Nusselt number upon whichd3,yfor inverted slug SHG is based {§F,, Appendix 4A) is ad
hoc and requires comparison with experiments for evaluation.

The correlation used in the code for Nu fog gy, is @ modified version of the Lee—RyIé;Jr'3 model

for heat transfer to a droplet (see Section 4.1.1.1.1) in the process of evaporation. While the coded version
of the Lee-Ryley correlation is within experimental uncertainty for Pr = 1, Section 4.1.1.1.1, the
complications of turbulence in the vpaor/gas blanket combined with the fact that liquid velocity is some
average of the droplet and slug fields must be considered. Thus, a complete validatigféorthis case

must include comparisons with experiments.
4.1.1.5.4 Inverted Slug Subcooled Vapor/Gas (SCG, T 4 < T°)--

Model as Coded

Hig is as for inverted slug SHG.

Model Basis and Assessment

The same expressions are used for inverted slug SCG as for SHGf@ddtion 4.1.1.5.3. This is
not consistent with the practice used for similar metastable states for other flow regimes, wherein Nu is set
to a large value to push;Toward T°. Comparison with experiment is required for an assessment of the
validity of the model used here.

4.1.1.6 Dispersed (Droplet, Mist) Flow. In dispersed (droplet, mist) flow, the droplets are

viewed as spheres. If the liquid temperature is between one degree K subcooled and one degree K
superheated, the final liquid coefficient; Hs the result of a cubic spline interpolation between the

superheated and subcooled result.

4.1.1.6.1 Dispersed Superheated Liquid (SHL, T > T°)--

Model as Coded

k
Hy = d—; F1z FiaFas g (4.1-71)

where

F1o and Rz are as for annular mist SHL
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adrp

F = —_— for pre-CHF
23 max(a;, 1079
= % for post-CHF
max(a;, 107)
— 3'6adrp
8yt d,
Udrp = max (@, 10°) X,# 0.0 andag = 1.0 for pre-CHF
= max (@, 10%) %=0.00ora #1.0 for pre-CHF
= max @, 10%) post-CHF
dg = characteristic drop diameter%dmax )
_ We o _ 1
= >, We = 1.5 for pre-CHF and 6.0 for post-CHF, We= max (Wea, 10 o)
pgvfg
Vfg = Vg - Vg
[l
, 0 max{ Vg —— We‘ . } pre-CHF
Vig = E pgmin(D'ag,,, D)
0 max(, 107°) post-CHF
D" _ B 0.0025m pre-CHF

[] 0.0002m post-CHF

For post-CHF, the minimum drop diameter is as shown for inverted slug flow and the maximum drop
diameter is the minimum of D and 0.0025 m.

Model Basis and Assessment

The volumetric heat transfer coefficient, Hor dispersed SHL is based on an ad hoc expression for
Nusselt number which increases quadratically 85 increases (function 45, Appendix 4A), thus

driving T; toward T°. Another function, b3, is incorporated to improve numerical stability for high void
fractions (i.e., low liquid volume fractions).
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The volumetric interfacial area is based on the same derivation as that for bubbly flow (which is, in
fact, based on the interfacial area of a droplet spray, see Section 4.1.1.1.1).

4.1.1.6.2 Dispersed Subcooled Liquid (SCL, T < T°)--

Model as Coded

k
His = a_;FB Fas 8y (4.1-72)

where

F13is as for annular mist SCLpfand g are as for dispersed SHL.

Model Basis and Assessment

The volumetric heat transfer coefficient for dispersed SCL is based on the model of Brotvn,
which is discussed in detail in Section 4.1.1.3.2 for annular mist SCL. The same conclusions apply here.

4.1.1.6.3 Dispersed Superheated Vapor/Gas (SHG, T 4> T°)--

Model as Coded

K
Hyg = d—:(2.0+ 0.5 R§>)Fas 8y (4.1-73)

where ¢ and g¢ are as for dispersed SHL

(1_adrp)2.5pgvfgdd — We- o-(:I-_C(drp)z.5

Rérp = ™ Hovn pre-CHF and post-CHF
F24 = max [0.0, bg (Fp5- 1) + 1]

Fos = 10° min (@, 10°)

Fog = 1.0 - 5.0 min [0.2, max (0.@Tsg)].

Model Basis and Assessment

The Nusselt number correlation upon whicjy Fbr dispersed SHG is based is a modified form of the
Lee-Ryley1-3 model, where 0.5 has replaced 0.74 as the coefficient 8PR@d the Prandtl number
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dependence has been dropped. A detailed discussion of the Lee-Ryley correlation is given in Section
4.1.1.1.1.

4.1.1.6.4 Dispersed Subcooled Vapor/Gas (SCG, T g< T°)--

Model as Coded

Hig = hg F6 F24 3gf (41'74)

where

hig and F are as for bubbly SHGplrand g¢ are as for dispersed SHG.

Model Basis and Assessment

The volumetric heat transfer coefficient as coded for dispersed droplet SCG is simply based on a
large value for Nu (= f(]zﬁ, Appendix 4A) which will push Jtoward the saturation temperature.

4.1.1.7 Horizontally Stratified Flow. In horizontally stratified flow, a flat interface is assumed to

exist between the liquid and vapor/gas. If the liquid temperature is between one degree K subcooled and
one degree K superheated, the final liquid coefficieptisithe result of a cubic spline interpolation

between the superheated and subcooled result.

4.1.1.7.1 Horizontally Stratified Superheated Liquid (SHL, T ;> T°)--

Model as Coded

K 8 ATp;Cyi
Hy = —[0.0ZSR FL,—3.81972 2 } 4.1-75
f th é 12 pghfgmax( 4ag, 1) agf ( )
where
Dps = liquid phase hydraulic diameter
= no,; D (seeFigure 3.1-2for definition off)
B TT—0 + sind g '
a;p¢D|vy— V4|
R = e i
4 Hs
_ 4sinB
. O 07
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Vg_vf 1/2.

Fa7 = 1+

Vcrit
F,»is as for annular mist SHL.
In the coding, [ is protected from being 0/0 whesp = 0,11—6 = 0, and sir® = 0.

Model Basis and Assessment

The expression used for the Nusselt number fprfét horizontally stratified flow, while giving the
appearance of modeling two processes [main interface (first term) plus entrained droplet interface (second
term)], is effectively an ad hoc relationship which gives a large value. This is due to the presence of
function F,. This practice promotes the return of tbward T, which is generally used in the code for

metastable states. The Nusselt number is converted to a heat transfer coefficient by use of a phasic
hydraulic diameter defined as

D, = 4 x phasic crosssec tional area (4.1-76)
hf phasic perimeter ' '

The expression for phasic hydraulic diameter given above incorporates the expression
TO; = T1- 0 + Sirb cod (4.1-77)

which can be derived from simple geometric considerations. Fgpee 3.1-2for the definition of angle
0).

Interfacial Area

The volumetric interfacial area is based on simple geometric considerations. It is easily shown that

_ 4sin®
f D

(4.1-78)

for a smooth interface. A multiplicative parameter is appliedgadrathe code to attempt to account for an

increase in g due to a wavy surface. This parameter is represented by funcgignvRich appropriately

Vg — Vi
Vcrit

increases as increases. An evaluation of the validity of functigndguires comparison with

experiments.
4.1.1.7.2 Horizontally-Stratified Subcooled Liquid (SCL, T (< T°)--

Model as Coded
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_ Ky 8
H; = 5;(0'023 Ré%)ay (4.1-79)

where

Dhf, Rg, and g are as for horizontally-stratified SHL.

Model Basis and Assessment

The expression for the Nusselt number for horizontally stratified SCL is obviously based on the
Dittus-Boelter correlation. The Reynolds number used for the correlation does not employ the phasic
hydraulic diameter, as is the widely accepted practice for this correlation. Furthermore, the Dittus-Boelter
correlation is valid for single-phase flow in solid-boundary ducts and not necessarily for a fluid-fluid
boundary.  Developmental assessment against Bankoff's  stratified-flow  condensation

experimentd1-4-1-11grovided an indication of model acceptability. Comparison with further experiments
is required for complete evaluation.

4.1.1.7.3 Horizontally Stratified Superheated Vapor/Gas (SHG, T 4> T°)--

Model as Coded

k
Hy = D—i’[o.ozs R&®+4h,Fsmax(0.0 0.25-a,)]ay (4.1-80)
where

Dhg = vapor/gas phase hydraulic diameter
_ o D
- 0+ sind

Re, - 0gPgD[Vy—Vi| _

Hg

hiy and Fs are as for bubbly SHG, angyds as for horizontally stratified SHL.

Model Basis and Assessment

In the coding, Ry is protected from being 0/0 whery = 0,6 = 0, and sifi = 0.

The Nusselt number upon which the expression fgrfbr horizontally stratified SHG is based has
two parts; the first part is the Dittus-Boelter correlation and the second part is a large nuppibg). (fhe
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same criticisms pertaining to horizontally stratified SCL apply, including the fact thaisRet based on
the phasic hydraulic diameter. Thugy I$ basically ad hoc for this thermodynamically stable state.

4.1.1.7.4 Horizontally Stratified Subcooled Vapor/Gas (SCG, T 4 < T°)--

Model as Coded

Hig = hg Fe agt (4.1-81)
where

hig and g are as for bubbly SHG, and

3yt is as for horizontally stratified SHL.

Model Basis and Assessment

The expression for |4 for this case is the same as for horizontally-stratified SHG (except for the

difference in s for a SCG, Appendix 4A). The use of a large Nu to drivgtdward T is consistent with
the treatment of other metastable states.

4.1.1.8 \Vertically Stratified Flow and Transition. The two-phase flow in vertical control
volumes can become vertically stratified for low mass fluxes. If the volume average mixture velocity is less
than the Taylor bubble rise velocity, i.e.,

Vm 4 (4.1-82)
Vb

where v,, and vy, are given by Equations (3.2-1) and (3.2-16), respectively, transition to vertically

stratified flow begins. If the criterion in Equation (4.1-82) is not met, the flow is completely unstratified.
The vertical stratification model is not intended to be a mixture level model.

The correlations used for;Hand Hy in the transition regionKigure 3.2-1) are combinations of

those already computed for nonstratified flow and the stratified correlations (Appendix 4A). The transition
. Vi . . "
region extends down t(\a/—— = 1/2 for the stable states (SCL, SHG). The exceptions to this transition
Tb

interval are foros < 0.01 orATg < O for Hir, andATgy > O for Hig. If the liquid temperature is between one
degree K subcooled and one degree K superheated, the final liquid coeffigienth& result of a cubic
spline interpolation between the superheated and subcooled result.

4.1.1.8.1 Vertically Stratified Superheated Liquid (SHL, T > T°)--

Model as Coded
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k
Hi; = Nufoagf(l_ Fs0) + Hit recFs0

where

REG

INEEL-EXT-98-00834-V4

(4.1-83)

flow regime of flow when not vertically stratified, which can be BBY, SLG,
SLG/ANM, ANM, MPR, IAN, IAN/ISL, ISL, MST, MPO, BBY/IAN,
IAN/ISL-SLG, SLG/ISL, ISL-SLG/ANM, ANM/MST, MPR/MPO (see flow

regime mapskigure 3.2-J).
max (F32, F33 F34)

1.0 - min (1.0, 106)

max{ 0.0 2.0mif 10720 1.0]
Th

Taylor bubble rise velocity, Equation (3.2-16)

G
Pm

agpglvgl +afpflvf|
UgPg + ¢Pf

min (1.0, -0.85ATgy)

length of volume cell

cross-section area of cell.

0.27 (GgPr)-2° all components except pressurizer

1
max{ 0.54 GyPr)°% 0.1 Gr;Prf)ﬂ pressurizer component

gBp;D’max(| T, —T9, 0.1)
2

My
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B = max @y, 10°)
_ MG
Prf = 0 K q .

Model Basis and Assessment

Vertical stratification can occur for superheated liquid only in the interval AT g < 0. Even then, it
is considered to be in a transition state, since the partitioning fungias ifonzero (Appendix 4A).

For non-pressurizer components, the Nusselt number corréldtfit-1-23is for the lower surface
of a heated horizontal plate or the upper surface of a cooled horizontal plate. It is recommended by

McAdams as well as Incopera and DeWitt for laminar Grashof numbers in the range 0P339 10+°.

Data in the turbulent range are lacking. Use of this condition worked well for the MIT pressurizer problem
(see Volume llI of this manual), but wall condensation was dominant in that problem. Further validation is
needed.

For the pressurizer component, the Nusselt number correfatith*1-23s for the upper surface of
a heated horizontal plate or the lower surface of a cooled horizontal plate. It is recommended by McAdams
as well as Incropera and DeWitt, where the term using the coefficient 0.54 is for Grashof numbers in the

range on 1tto 10/, and the term using the coefficient 0.15 is for Grashof numbers in the rang€ 6 10
10, The coding uses the maximum function in order the have a smooth correlation and remove the
discontinuity at a Grashof number of’10

The pressurizer component input to RELAP5-3D also allows the user to specify the liquid interfacial
heat transfer coefficient. The Nusselt number for this case is given by

D

Nuj = hif,=
f

(4.1-84)

where hif, is the user specified liquid interfacial heat transfer coefficient.

Interfacial Area

The interfacial area per unit volume for vertically stratified flow is simply the cross-sectional area of
the control volume divided by its volume, which results in the reciprocal of cell-volume length, L.

4.1.1.8.2 Vertically Stratified Subcooled Liquid (SCL, T (< T°)--

Model as Coded

His is as for vertically stratified SHL.

Model Basis and Assessment
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Fully vertically stratified flow can exist for SCL. The same expression is used for SCL as was used
for SHL, except that the partition function allows fully stratified flow; that is, functiay 0 for all AT

> 0, which allows the partition functioryfto be zero in low flow conditions arg > 0.01.

4.1.1.8.3 Vertically Stratified Superheated Vapor/Gas (SHG, T > T°)--

g

Model as Coded

Hig = Nug% 1(1 = Fss) + Hif recFas (4.1-85)

where
Fas = max (F33, Fag)-

REG, R3, Nug are as for vertically stratified SHL except that vapor/gas properties rather than liquid
properties are used to calculategNu

F36 = min (10, O%TS&
3yt Is as for vertically stratified SHL.

Model Basis and Assessment

The transition kj, is analogous to that for {Hwith the function kg linearly partitioning the

contributions between stratified and unstratified models (Appendix 4A). The interfacial area is the same as
for SHL. Comparison with experimental data is required to evaluate the model;foioHvertically

stratified flow.

4.1.1.8.4 Vertically Stratified Subcooled Vapor/Gas (SCG, T <T°)--

g

Model as Coded

Hig is as for vertically stratified SHG.

Model Basis and Assessment

Fully stratified flow for SCG is not recognized; only a transition between stratified and unstratified
flow is recognized (Appendix 4A). Otherwise, the model used for vertically stratified SCG is the same as
for SHG.
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4.1.2 Flow-Regime Transitions

A number of transitions between flow regimes are incorporated into RELAPS-30y purposes of
interfacial heat and mass transfer. These transitions are illustrated schemati¢atjyra 3.1-1 Figure
3.2-1, andFigure 3.3-1(horizontal, vertical, and high mixing maps, respectively). Included are

Horizontal

1. Slug-annular mist

2. Horizontally stratified-nonstratified
Vertical

1. Slug-annular mist.

2. Vertically stratified-nonstratified.

3. Inverted annular-inverted slug.

4, Transition boiling regime (post-CHF, pre-dryout).
5. Bubbly-inverted annular.

6. (Inverted annular-inverted slug)-slug.
7. Slug-inverted slug.

8. Inverted slug-(slug-annular mist).

9. Annular mist-dispersed (droplet).

High Mixing Map

. Bubbly-dispersed (droplet)

These transitions are included in the code to prevent the numerical instability which can arise when
abruptly switching from one flow regime to another. In most cases, the correlation from one regime is
exponentially reduced, while that for the other is exponentially increased from a negligible amount to full

value. Power law interpolation is used because the coefficients can often be orders of magnitude apart;
linear interpolation would weight the large value too heavily. The power law interpolation has the form

c=cec (4.1-86)
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where c, ¢, and ¢ are the coefficients and f takes on values from O to 1. This interpolation is really the
linear interpolation of the logarithms of the two coefficients, that is,

Inc =flng+(1-f)Ing . (4.1-87)

The only exception is the transition from bubbly-to-dispersed flow for the high mixing map, which
uses linear interpolation. In some cases, three and even four correlations/models are combined to obtain
the volumetric heat transfer coefficients. For instance, the transitional boiling region between slug and the
transition between inverted annular and inverted slug (IAN/ISL-SLG) can undergo transition to vertical
stratification, combining four models to obtaig Bind H,.

The full details of the transition/combination logic used in the code are found in Appendix 4A.
4.1.3 Time-Smoothing

The constitutive models that are used in most two-phase models are formulated as algebraic
functions of the dependent variables, and the models to be used are selected based on flow-regime
considerations. This can result in discontinuous functions and/or very rapid change in the constitutive
parameters. Naturally, such formulations impact the accuracy of the numerical scheme. An approach in
wide usage to ameliorate the effect of such formulations is time-smoothing (sometimes also called
under-relaxation). This process has been effective in permitting a larger time step and thus achieving faster

running. However, this process can have significant effect on the computed +éstftts' > unless it is
implemented in a time-step insensitive manner.

The code implements time-smoothing of the interfacial heat transfer coefficignesdHy, and the
direct heating heat transfer coefficienty,Hoy logarithmically weighting the old time-value of a parameter
(denoted by n) with the new time-calculated value of a parameter (denoted by n+1). This is given by

o w1 Ofoeign O
fweit;ht = fcaliulate%ﬁ%'gﬂ_m (41-88)

calculateg|

where f is the function to be smoothed amds the weighting factor. The terri\ﬂ,eight is the old time-value

of the function f, and the terrfri;clmated is the new time-calculated value of the function f.

For Hs, the equation fon was developed by Chow and Bryce, documented in Feinauer&t-af,
and assumes the form

0
N = exp-mind0.693 maEAtmax( 0.014,), 1.0— min( 1.0a; » 10°), min2&!, ysg}% (4.1-89)
0 T¢ Drf m

O

where
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T = AX
c 0.7min(| Vg|, 2
T = 1.0
f =
mang gD~ e
0¥ 19 0
D
D _ D[MTQ
o
i 7
¥s = 12y 010536 [ mirf] . |v{) +1071 0

N max(| vy, [v¢|, 107) 0O

In Equation (4.1-89)1. is a Courant-type of time constant. The teygis large when there is a large
slip velocity between the liquid and vapor/gas at low velocities. It is used (see p. 75 of Feinauer et
aI.,4'1'2€) because of the dependence of the calculatgdhithe slip velocity for some regimes. The
term is a gravity-related time constant to cover the cases when velocities are low.

n+1

If Hif caicuiatea™ Hit » thenn is modified to give

N = n{1.0 + max [-0.5, 0.25 min (0.0,5F T)]} . (4.1-90)

This reduces the time smoothing factpiby a factor of 2 over a 2.0-degree K range as the liquid
enters the metastable (superheated) state. This helps keépghker when in the metastable state and
drives the liquid back to saturation.

For H

igr
Hiy caicutated™ Hig » thenn is modified to give

Equation (4.1-89) is modified to use, instead ofa; and to use 1Winstead of 10. If

n =n{1.0-2.5max[0.0, min (0.2,°F Ty} . (4.1-91)

This reduces the time smoothing factpby a factor of 2 over a 0.2-degree K range as the vapor/gas
enters the metastable (subcooled) state. This helps kgépdgHer when in the metastable state and drives
the vapor/gas back to saturation.

Ransorft1?* and Ransom and Weaver2® indicated that a time step insensitive procedure is
obtained ifn is of the exponential form
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- (4.1-92)

wheret is a time constant associated with the physical process. Equation (4.1-89) will produce an equation
like Equation (4.1-92) when the min/max logic resultsjibeing exp%— ?—tg orexp%— %E . Otherwise, it
c f

is time-step size dependent and nodalization dependent. Modifications are being tested so that the
time-step size dependency and nodalization dependency will be removed in the future.

4.1.4 Modifications to Correlations--Noncondensable Gas

The presence of a noncondensable gas is represented by the mass fragtainti{& combination of
noncondensable and vapor which is attributable to the noncondensable gas. The effects of a
noncondensable gas are represented by multipliers that modify and reduce the volumetric heat transfer
coefficients, b and Hy. Function R, which is embedded in functionzFis an ad hoc modifier for dfor
bubbly SHL (Appendix 4A). Its influence is felt whenevey; For bubbly flow is used to help define the
overall H¢ for a flow regime. Further modifications are applied tg Bind Hy for all flow regimes or
transition regimes depending on the thermodynamic state (SHL, SCL, SHG, SCG) as detailed in Appendix
4A, Modifications for Noncondensable Gas. All are ad hoc except the modificatior fort5CL. This

modification factor (k) is from the Vierow-Schrock correlatiént 2.

4.1.5 Modifications to Correlations--Limits

An upper limit has been placed on the liquid interfacial heat transfer coefficignintll the flow

regimes when the liquid is subcooled. This limit is umbrella-shaped so as to force the coefficient to small
values as the void fractiong, approaches zero or one. The expression used is

a,—1.0x10"°0

. O 0
Hit = min {Hi, 17539 max [4.724, 47204(1 - ag)] » max | 0, min(L, D} O . (4.1-93)
0

0 0.1-1.0x10°0| O

This limit was required to prevent code failures due to thermodynamic property errors caused by
high condensation rates during N-Reactor simulatfbtig®A similar umbrella limit has been used in the
COBRA*1"22and TRAC-BF1-30codes. The number 472.4 is from the COBRA code and was arrived at

by making some assumptions on bubble/drop size, the number 4.724 is a lower limit (1% limit), and the
number 17539 is the heat transfer coefficient used for this limit that was in the COBRA code at the time of

the N-Reactor calculatich.

At pressures for a PWR primary loop, this umbrella limit can result in too low an interfacial
condensation rate compared to the subcooled boiling model, which can result in some amounts of
vapor/gas remaining in the primary loop. The small amount of vapor/gas is unphysical, and it can cause
problems with other models in the code. As a result, a pressure-dependent linear ramp is used that begins

a. Personal communication, M. J. Thurgood to R. A. Riemke, September 1991.
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ramping off the umbrella limit at 1,250 psia (8.618 XGJJBa) and eventually turns it off at 1,500 psia
(10.342 x 16 Pa).

A lower limit has been placed on both the liquid;{Hand vapor/gas (}g) interfacial heat transfer
coefficients. The limits are jfl ,in = Hig, min = 0. These values of zero correctly result in no mass transfer
from the phase that is present in single-phase correlations. An upper limit has been placed gpduath H

Hig. The limits are i max = Hig max= 10" W/m? K.

Limits are also placed on the interfacial heat transfer coefficients based on a 50%
vaporization/condensation limit. The limits are designed to reduce one of the interfacial heat transfer
coefficients if more than 50% of the liquid would be vaporized on this time step or if more than 50% of the
vpaor/gas would be condensed on this time step. This is used to help prevent code failure when a phase
disappears. The method is as follows. First, the mass-per-unit volume from the mass transfer is calculated
based on old temperatures from

Pn
FiH?g(Tsn—Trg])JfH:}(Ts’n—T?)
term = |y, — T At . (4.1-94)
ho" —hy

For vaporization (term > 0), if term > OcB'p;  , the scaling factor AVELFG is computed from

0.50;pr
term

AVELFG = (4.1-95)

For condensation (term < 0), if - term > 0d;pg(1— X;) , the scaling factor AVELFG is computed
from

0.50"p"
AVELFG = —T?npg(l—xﬂ)“ . (4.1-96)

For mostly liquid ¢ < 0.5), H; is modified to use
Hi = Hs* AVELFG (4.1-97)
and for mostly vapor/gasi§ > 0.5), Hy is modified to use

Hig = Hg* AVELFG . (4.1-98)
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4.1.6 Modifications to Correlations -- Smoothing Between Superheated and Subcooled

For the bubbly, slug, annular mist, inverted annular, inverted slug, dispersed (droplet), horizontally
stratified, and vertically stratified flow regimes, if the liquid temperature is between one degree K
subcooled and one degree K superheated, the final liquid coefficigns kthe result of a cubic spline

interpolation between the superheated and subcooled result. For the slug and annular-mist flow regimes, if
the vapor/gas temperature is between one degree K subcooled and one degree K superheated, the final
vapor/gas coefficient g is the result of a cubic spline interpolation between the superheated and

subcooled result. The interpolation for both the liquid and vapor/gas has the following form:

Hip = Hinp,subcooled. Hilp,_sr:]uperheated (41-99)

where

N3(3—2n,)

i
1

[l . 0
N1 max %D.O, mlr{ 1.0 %(TS—Tp + 1.0)}E

p is either liquid (f) or vapor/gas (g).
4.1.7 Modifications to Correlations -- Vertically Stratified Flow

If a volume is vertically stratified and more liquid is coming into the volume than there is vapor/gas
available, then the liquid interfacial heat transfer coefficieft iH the volume above the vertically

stratified volume is modified in anticipation that the level will be appearing in the volume. The
modification is of the form

H?f?atove = Hir},above calculated AVEV +Hinf,+btlow, vertstra(l_AVEV) (4-1'100)
where
max(10% Tpove—T O . Vin 010
AVEV = X __—above Labovd by ma{ 0.0 mif] 1.0 200,91 E}D
max( 107, Tbelow_Tf,beIow)D Vabove 1l
Vabove = volume of the volume above the vertically stratified volume

Viin = volume of vapor/gas and liquid increase in the vertically stratified volume -
volume of vapor/gas in the vertically stratified volume
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N

) . - At

= z (O Prj Vij + OgiPgVg)Aj o Og, below® Vbelow
j

N = number of junctions connected to the vertically stratified volume

Vpelow = volume of the volume below in the vertically stratified volume.
4.1.8 Modifications to Vertically Stratified Flow or Level Model Caused from a Jet Junction

A junction at the bottom of a vertical volume, in which a subcooled liquid pool may exist, can be
flagged as a “jet” junction. The fluid from the jet causes a stirring action in the pool to increase the
condensation rate on the surface of the pool. The jet induced surface turbulence intensity is a function of
the distance of the surface from the jet, the pool diameter, the jet Reynolds number, and fluid properties
such as the Prandtl and Jacob numbers.

Thomaé1-31 obtained surface heat transfer experimental data for vertical geometries at pressures
near ambient. Condensation rate measurements were made at six liquid levels, with either two or three
nozzle diameters, and the inlet flow rate was varied to yield nozzle Reynolds numbers in the range from
about 15,000 to 90,000. Thomas also ran an experiment (in a 1.2 m by 1.8 m tank) to evaluate the
Kutateladze number at which “surface breakup” occurred. Surface breakup is defined as the point at which
the surface is so disturbed by the liquid jet that vapor/gas entrainment occurs. Thomas found that the
critical Kutateladze number was

2
PiVj _ z(f
T B)A%D (4.1-101)
g9
where
Vj = liquid jet velocity
o = surface tension
d = liquid inlet diameter
z = height of liquid surface above inlet.

Some of his data was taken above the critical value. Surface heat transfer varied almost linearly with
the jet Reynolds number below the critical value. All the data points taken at the lowest water level had a
Kutateladze number above the critical value.

4.1.8.1 Surface Heat Transfer Model for Velocities Below the Critical Value. Pre-surface
breakup correlations are grouped in high, medium, and low liquid level correlations.

High Liquid Levels, z/D > 3.2:
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Brown-Khoo-Sonifi-1-32 developed a high water level correlation in terms of the Stanton, Nusselt,
Reynolds, Prandtl, Jacob, and Richardson numbers

st= stH-3H (4.1-102)
where

St - Rl\éfuli?rf

Nup = hifkgf

Pr = ufk—(fpf

St, = %8 for Riless than 1

= 0.136 - 00081Ri, for 3.5 < Ri <15

interpolate, for 1 < Ri < 3.5

Ri _ Bia(T°—T)A
2
Vp
N = 0.24D

where D is the pool diameter.
The turbulent velocity, y used in the Brown-Khoo-Sonin correlation was developed by
Sonin-Shimko-Chuh1-33
090, *%
Vp = CD(Re)u-D—C—j (4.1-103)

where
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dRe) = 21.8 for Reg> 25,000
= 35 for R§< 5,000
interpolate for 5,000 < I?et 25,000
PV A;
Re = —%—J;—’
Q = ViA;, the jet inlet liquid volumetric flow rate
A = jet inlet flow area

I

and d is the jet diameter and the subscript b represents pool bulk conditions.

Low Liquid Levels, z/D < 2.5:

Brown-Helmick-Sonifi-1-34obtained data and developed the correlation

40'282 ~(0.148, - 0.06[31)—[25}

_ J
St= O'% o0 P33 (4.1-104)
f
where
B1 = 0.34
Bo = 0.24
_ Nu
St B Re Pr,
Nu = hifkgf
Rrv;d
Re, = nozzle Reynolds number=——

f

The 0.5 in front of the Brown-Helmick-Sonin correlation is not in the quoted literature. However, by
closely examining the data upon which the correlation was based, it is evident that an error was made in

the paper. This error was perpetuated from Brown’s th&sSRwhich contains the “raw” data.

Medium Ligquid Levels, 2.5 < z/D < 3.2:
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Interpolate between Equations (4.1-102) and (4.1-104).

Final Interphase Liquid Heatrdnsfer Codicient

The interphase liquid heat transfer coefficient used by the cgdegqthen given by

H_f = h DAIeveID

flevel (37—~ (4.1-1095)
ota
where
nD?
Alevel = e
Viotaa = volume of vapor/gas and liquid.

hiflevel IS from Brown-Helmeck-Sonin, Sonin-Shimko-Chun, Brown-Khoo-Sonin, or interpolatgdskd
in the code has been multiplied by the area per unit volume.

4.1.8.2 Surface Heat Transfer Model for Velocities Above the Critical Value.

Thomaé1-31has given a method to predict the critical Kutateladze jet velocity at which breakup occurs for

a given water level. No literature has been found that predicts post-surface breakup heat transfer. The
approach used is to assume that the velocity head loss for “no surface break through” is predicted from the
Kutateladze velocity and any remaining kinetic energy causes a fountain as shéiguia 4.1-2 The
fountain velocity is given by

2 — 2 2
Viountain = Vjet_vcritical (41-106)

where from Equation (4.1-101)

cr|t|cal

B) P zDZ[(pf pg)gcr] (4.1-107)

The height of the liquid fountain above the surface, H, is approximated using the Bernoulli equation
which equates the initial kinetic energy to the potential energy at the top of the fountain

2
Vitountain = gH . (41—108)

2

The Theofanod’sl'”jet equation is used to predict the additional heat transfer and is given by
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Vapor inlet
4—'7— D —

Vapor

Fountain

Pool

Diameter d—p

o . Liquid outlet
Liquid inlet je

Figure 4.1-2Pool with surface breakup.

.5

Stfountain = OOZ%D . (41-109)

Until data is found that gives the fountain diameter, the jet diameter, d, will be used. The total heat
transfer when the inlet jet velocity is larger than the critical velocity is the sum of the heat transfer to the
fountain and the heat transfer to the stratified level. Two heat transfer areas are involved. The energy from
the two surfaces must be added and converted to an equivalent heat transfer coefficient. This is determined
from

Ghotal = (Nievel Alevel + Nifountain Atountain (T° - Tr) (4.1-110)

- Orotal Do‘levellj (4 1-111)
Alevel(T°=T5) Vol

Hif

where

Alevel = 4
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Afountain = 2rdH
Viotaah = volume of vapor/gas and liquid.

hifievel IS from Brown-Helmick-Sonin, Sonin-Shimko-Chun, Brown-Khoo-Sonin, or interpolatggl,iin

is from the Theofanous jet correlation; s the value used in RELAP5-3D. H used in the code has
been multiplied by the area per unit volume.

The high liquid level data sources have some data points with inlet velocities which exceed the
predicted critical value. However, experimenters such as Brown-Khoo-Sonin reported no breakthrough.
Correlations such as Brown-Khoo-Sonin were developed to predict data without any fountain contribution.
Consequently, the fountain contribution is arbitrarily linearly ramped to zero between a z/D of 0.5 and 1.0.
The critical velocity correlation may not have a wide range data range of applicability.

4.1.9 Direct Heating

The direct (sensible) heating between the vapor/gas and liquid becomes important when there is
noncondensable present (see Volume I). Whgr P, this occurs. The value used for the direct heating

heat transfer coefficient is

H 0 iy = 0 and [P< Tg or K< I:)triplepoim]

of =

Hi(T,>T° T.>T° _
Hot = O o(Ta>T) " O otherwise. (4.1-112)
OHig(Ty=T°) T,<T°O

Thus, when the vapor/gas is subcooleg tises the value of jfl at saturation. The term dduses
flow transitions and time smoothing like H

Using Hg for the value of H¢ has the advantage thagtill depend upon the configuration of the

interface (i.e. flow regime) between the liquid and the noncondensable vapor/gas. This is due to the
presence of the interfacial area tergp a
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4.1.10 Summary

Table 4.1-1summarizes the interfacial area per unit volumg)(and the interfacial heat transfer
coefficient for phase p () for the various flow regimes. The superscript M indicates that the correlation
has been modified from the literature value.

Table 4.1-1Summary of interfacial areas and heat transfer coeffiéients

Flow Type g hit SHL hit scL hig,sHG hig,scc
Bubbly 3.601,p Lee-Ryley UnaM 10*1(ATsy | 10 f(ATsy
d, Plesset-Zwick of or0
0
Slug:
Bubbles 3.6044(1— 1) Lee-RyleW UnaM 10*(ATsy | 10 f(ATs9
d, Plesset-Zwick
Taylor 4.5 3x 1P f(ATy) | Sieder-Tatd |Lee-Ryley! | 10*f(AT
bubble D (2.0 o 9
Annular mist:
Drops 3.604(1—0) Ki, (AT.) Brown™ Lee-Ryley! | 10* f(AT4y)
—d, dg B xf(AT )
Liquid 4 12 3x 10 Theofanou¥ | Dittus- | 108 f(AT)
film p(t—di) (29 BoelteM
Inverted
annular:
Bubbles 36005, 4 Lee-RyleY UnaM 10 f(ATgg | 10% f(ATsg)
dy (1-ag) Plesset-Zwick
Vapor/gas film| 4 1/ 3x 16 Dittus- Kk Kk
21— 29 29
5(1-ag)"%(2.5) BocleM | oTBTs) | (AT
Inverted slug:
Drops ) k - -
3 Gad”’(l—as) kit AT ) Brown™ Lee-Ryley! | Lee-Ryley
Taylor 45 K Brown™ k k
drop D (@s)(2:9) of(ATy) XH(AT <) o (AT | Ff(ATy
Dispersed 3.604/p Kic ot Brown™ Lee-Ryley! | 10% f(ATy)
(droplet, mist) d o' 4T | ety | ey | oro
or0
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Table 4.1-1Summary of interfacial areas and heat transfer coeffi€ig@entinued)

Flow Type agf hif sHL hit scL hig,sHG hig,scc
Horizontally 4sin® Dittus-Boelter | Dittus-Boelter Dittus- 10° f(ATs
stratified D xf(ATsp) Boelter

10* (AT

Vertically A, hit REG McAdams or |McAdamsor  higrec
stratified or leve V2 Incropera- |Incropera-Dé
model DeWitt Witt
Vertical A. hit REG Brown-Khoo- hig,REG hig,REG
stratified or leve V2 Sonin,
model with a jet Brown-HelmickH
junction Sonin,

Sonin-Shimko-

Chun,
Theofanous

a. SCL = subcooled liquid; SHL = superheated liquid; SHG = superheated vapor/gas; SCG = subcooled
vapor/gas; M = modified(ATgg) = function ofATgq = T° - Tg; f(ATp) = function ofATg¢ = T°- Ty
REG = flow regime when not vertically stratified.
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4.2 Wall-to-Fluid Heat Transfer

This section describes the correlations and methods used to obtain the information necessary for the
walls to exchange energy with the fluid where reflood is not activated. The modifications to the
wall-to-fluid heat transfer for reflood are discussed in Section 4.4.

When a user flags a solid surface as having a convective boundary condition, the heat transfer
coefficients must be calculated and passed to the conduction solution. The liquid and vapor/gas energy
solutions include the wall heat flux to liquid or vapor/gas. The experimental coefficients used to develop
correlations were determined by obtaining the experimental heat flux and dividing it by a
wall-to-reference-temperature difference. Consequently, when the correlations are used to obtain the
code-calculated heat flux, they use the same reference temperature as the correlation developer used.
During boiling, the saturation temperature based on the total pressure is the reference temperature, and
during condensation the saturation temperature based on the partial pressure is the reference temperature.
There are three possible reference temperatures for each heat transfer coefficient, but for many cases there
is only one coefficient that is nonzero. The general expression for the total wall heat flux is

q:otal = hwgg(Tw _Tg) + hwgspt(Tw _Tspt) + hwgspp(Tw _Tspp)

(4.2-1)
+ hwff(Tw _Tf) + hwfspt(Tw _Tspt)
where

Pwgg = heat transfer coefficient to vapor/gas, with the vapor/gas temperature as the
reference temperature (MFK)

Puwgspt = heat transfer coefficient to vapor/gas, with the saturation temperature based on
the total pressure as the reference temperature 4Kjm

Pwgspp = heat transfer coefficient to vapor/gas, with the saturation temperature based on
the vapor partial pressure as the reference temperature’{g)/m

hyte = heat transfer coefficient to liquid, with the liquid temperature as the reference
temperature (W/fK)

Putspt = heat transfer coefficient to liquid, with the saturation temperature based on the
total pressure as the reference temperature %VWm

Tw = wall surface temperature (K)

Tg = vapor/gas temperature (K)

T¢ = liquid temperature (K)
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Tspt = saturation temperature based on the total pressure (K)

Tspp = saturation temperature based on the partial pressure of vapor in the bulk (K).

Only one or two of the heat transfer coefficients are nonzero in most flow regimes. For instance,
during nucleate boiling, ¥ is equal to fhacand Rytspt is hyic from the Chen correlation; all the others are
zero except at high void fractions, whe(ghas a value to smooth the transition to vapor/gas cooling.

The wall temperature is solved implicitly, and the reference temperature can also be the new time
value if the user so chooses.

A boiling curve is used in RELAP5-3D to govern the selection of heat transfer correlations. Much

of the RELAP5-3[¥ boiling curve logic is based on the value of the heat slab surface temperature. If
noncondensable gas is present, there is a window region when the wall temperature is too small for boiling
and too high for condensation. This occurs when the temperature is less than the saturation temperature
based on total pressure but greater than the saturation temperature based on vapor partialfigessure.
4.2-1illustrates the curve.

Boiling region
A CHF point

Transition

Film

Heat flux

-«
[Tspp' w]

Condensing region

Convection region

Figure 4.2-1RELAP5-30° boiling and condensing curves.

The heat transfer package in RELAP53Duses heat transfer correlations that are based on fully
developed steady-state flow, where entrance length effects are not considered except for the calculation of
CHF.

RELAP5-30° has a built-in capability to generate 3-D surface information to illustrate the
boiling-condensing curves. An example of this is showfigure 4.2-2 where the void fraction is varied
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from zero to one, the wall superheat is varied from negative 35 K to a positive 35 K, and the resulting total
heat flux is output. The plot shows that the heat flux smoothly transitions from condensation to boiling.
Condensation increases as the liquid film thickness increases. Boiling decreases as the liquid fraction
increases. This data was generated for low mass flux and low pressure conditions.

Figure 4.2-2Heat flux surface plot.

4.2.1 Logic for Selection of Heat Transfer Modes

The following list gives the RELAP5-3D heat transfer mode numbers. Mode numbers indicate
which regime is being used to transfer heat between heat structure surfaces and the circulating fluid
contained in the reactor primary and secondary systems. These mode numbers are printed on the major
edits.

Mode 0 Convection to noncondensable-vapor-liquid mixture.
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Mode 1 Convection at supercritical pressure or superheat wall with negative heat flux due to superheated
vapor/gas.

Mode 2 Single-phase liquid convection at subcritical pressure, subcooled wall and low void fraction.
Mode 3 Subcooled nucleate boiling.
Mode 4 Saturated nucleate boiling.
Mode 5 Subcooled transition boiling.
Mode 6 Saturated transition boiling.
Mode 7 Subcooled film boiling.
Mode 8 Saturated film boiling.
Mode 9 Single-phase vapor/gas or supercritical two-phase convection.
Mode 10 Condensation when void fraction is less than one.
Mode 11 Condensation when void fraction is one.
Mode 12 Nucleate boiling (non-positive heat flux)
If the noncondensable quality (based on vapor/gas mass) is greater than 0.000000001, then 20 is
added to the mode number. Thus, the mode number could be 20 to 31. This number is increased by another
40 if the reflood flag is set-igure 4.2-3is a schematic diagram showing the logic built into the code to

select the appropriate heat transfer mode. The capitalized names in the boxes are names of subroutines.
The variables are

T = TRUE

F = FALSE

P = total pressure

Perit = critical pressure

Xn = noncondensable mass quality

Xe = equilibrium quality used in wall heat transfer (based on phasic specific

enthalpies and mixture specific enthalpy, with the mixture specific enthalpy
calculated using the flow quality)
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Figure 4.2-3RELAP5-30° wall heat transfer flow chart.

Mode = Mode + 20 |

Mode=Mode+4Q
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[Xflowhg + (l - Xflow)hf] — hfs
he—h;

Xiiow = flow quality

Ggngg
agpgvg + afpfvf

Og = vapor/gas void fraction

Tw = wall temperature

Tspt = vapor saturation temperature based on total pressure
Tspp = vapor saturation temperature based on vapor partial pressure
T¢ = liquid temperature

CHF = critical heat flux

q" = heat flux

d"ne = nucleate boiling heat flux

q"cs = film boiling heat flux

qd"rs = transition boiling heat flux

Geom = type of hydraulic cell

10 = single-phase.

Most of this logic is built into the HTRCL1 subroutine. The heat transfer coefficients are determined
in one of five subroutines: DITTUS, PREDNB, PREBUN, PSTDNB, and CONDEN. Subroutine
CONDEN calculates the coefficients when the wall temperature is below the saturation temperature based
on the partial pressure of vapor. Subroutine DITTUS is called for single-phase liquid or vapor/gas
conditions. Subroutine PREDNB contains the nucleate boiling correlations for all surfaces except
horizontal bundles and subroutine PREBUN is used for the outer surface of horizontal bundles of rods or
tubes. Subroutine PSTDNB has the transition and film boiling correlations. Subroutine CHFCAL
determines the critical heat flux. When reflood is on, subroutine CHFCAL has been called prior to the call
to subroutine HRTC1, and thus is not called from subroutine HTRC1. Subroutine SUBOIL calculates the
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vapor generation rate in the superheated liquid next to a superheated wall when the bulk liquid is
subcooled. The convective correlations used for each of the 13 mode numbers, areTgioen4r2-1

Table 4.2-1Wall convection heat transfer mode numbers .

Mode Heat transfer Correlations
number phenomena
0 Noncondensable-vapor-liquidk ays2-1ORNL,*2?Dittus-Boeltet >3 Petukhov 24
ESDWR Shah?2-® Churchill-Chu?2-% McAdams®2-7
Elenbaa$2®
1 Supercritical or single-phase Same as mode 0
liquid
2 Single-phase liquid or subcooled Same as mode O
wall with void fraction < 0.1
3 Subcooled nucleate boiling Cherf-29
4 Saturated nucleate boiling Same as mode 3
6 Saturated transition boiling Same as mode 5
7 Subcooled film boiling Bromley*211Sun-Gonzalez-Tiefr?12and mode 0
Correlations
8 Saturated film boiling Same as mode 7
9 Supercritical two-phase or Same as mode 0
single-phase vapor/gas
10 Filmwise condensation Nusselt‘}-z']sShah‘}-z'l‘lColburn_Hougeﬁz'ls
11 Condensation in vapor Same as mode 10
12 Nucleate boiling(gys < 0) Same as modes 3,4
3,4 for Nucleate boiling Forster-Zubef;21® polley-Ralston-Grarft:>1’ ESDIA
horizontal
bundles

a. ESDU (Engineering Science Data Unit, 73031, Nov 1973; ESDU International Plc, 27, Corsham Street,
London, N1 6UA)

The correlation set appropriate for a specific surface depends on the hydraulic geometry of the
adjacent fluid. The following text discusses geometry and presents the correlations used to calculate the
heat transfer for a specific mode. For each mode, the text provides the code model or correlation basis and
model as coded.
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4.2.2 Hydraulic Geometry

An important factor that effects the magnitude of heat transfer coefficients, besides obvious
parameters such as velocity, is the flow field or hydraulic geometry surrounding the surface. The flow field
next to the wall influences the velocity profile and turbulence. The two basic types of fields are internal

and external as shown Table 4.2-2 Pipes can be any shape, but RELAP523as correlations for only
circular pipes. Parallel plates are a special case of annuli; i.e., in the limit as the annuli inner radius gets
large the flow field is the same as flow between parallel plates. Spheres are shown in the table, and

RELAP5-30° is capable of solving the conduction solution for spheres, but no convection correlations
specifically for spheres are currently in the code.

Table 4.2-2Hydraulic geometries.

Flow field Hardware

Internal Pipe: horizontal, vertical, helical

Parallel plates: horizontal, vertical

Annuli: horizontal, vertical; inner wall heated, outer wall heated

Spheres: horizontal, vertical

External Spheres: horizontal, vertical

Single plate: horizontal, vertical; heated, cooled

Single tube: horizontal, vertical; with crossflow, without crossflow

=

Tube bundle: horizontal, vertical, helical; square pitch, staggered pitch;
with crossflow, without crossflow

To help users communicate the flow field geometry types to the code, a numbering system has been
set up for some of the possible geometries. The numbering scheme is

. Standard
- 1,100, 0r 101
. Vertical structures

- 102 parallel plates (ORNL ANS geometry)
- 103 infinite parallel plates
- 104 single wall

- 105 annuli with this wall unheated
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- 107

- 108

- 109

- 110

- 111

- 112

- 113

- 114

RELAP5-3D/1.3a

annuli with this outer wall heated

annuli with this inner wall heated

single rod

single rod with crossflow

bundle with in-line rods, parallel-flow only

bundle with in-line rods, parallel-flow and crossflow
bundle with staggered rods, parallel-flow only

bundle with staggered rods, parallel-flow and crossflow

helical pipe

. Horizontal structures

- 121

- 122

- 123

- 124

- 130

- 131

- 132

- 133

- 134

- 135

- 136

- 137

annuli with this wall unheated

annuli with this outer wall heated

annuli with this inner wall heated

bundle (CANDU)

plate above fluid

plate below fluid

single tube

single tube with crossflow

bundle with in-line rods or tubes, crossflow and parallel-flow
bundle with in-line rods or tubes, crossflow only

bundle with staggered rods or tubes, crossflow and parallel-flow

bundle with staggered rods or tubes, crossflow only

Coding has been implemented for only a few of the numbers (i.e., 101, 102, 110, 111, 130, 134). For
the other numbers, for which there are no special correlations implemented, these are associated and
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defaulted to a similar implemented correlation, In the future, it is planned to implement correlations for
these numbers. Users normally runtwé 1 or100. These two values are still accepted so that old decks
will run. They both default to 101. The other numbers are used to modify some of the standard correlations
in 101. Churchill-Chu is usually used for natural convection; if the connecting hydrodynamic volume is
horizontal or 121 - 133 is chosen, McAdams is used for natural convection. Nusselt-Shah-Coburn-Hougen
is used for condensation; if the connecting hydrodynamic volume is horizontal,
Chato-Shah-Coburn-Hougen is used. The code currently gives specific consideration for only those
geometry numbers underlined Tiable 4.2-3 The other numbers in a table cell default to the underlined

number. The name of the correlation is given for each mode of heat transfer and the correlations are
discussed in the following sections.

Table 4.2-3Available RELAP5-3[¥ wall heat transfer correlations.

Mode of heat transfer
Laminar Natural Turbulent | Conden- Nucleate | Transition Film CHF
User sation | boiling | boiling | boiling
geometry
default value
underlined
1,100,101, Sellars | Churchill- Dittus- Nusselt/ Chen Chen Bromley Table
104-109, 114 Nu=4.36 Chu or Boelter Chato-
McAdams Shah-
Coburn-
Hougen
102,103 ORNL Elenbaas| Petukhov or Table
ANS Dittus- Gambill-
Nu =7.63 Boelter Weatherhead
121-124130,| Sellars | McAdams Dittus- " " " " Table
131-133 Nu =4.36 Boelter
110, 112 " Churchill- Dittus- " Chen-
Chu or Boelter- Inayatov
McAdams | Inayatov
111,113 " " Dittus-
Boelter-
Inayatov-
Shah
134, " Churchill- Dittus- " Polley " " Folkin
135-137 Chu Boelter-
ESDU

4.2.3 Geometry 101, Default Geometry

Geometry 1, 100, and 101 are the standard convective boundary types used by all previous input
decks. The current number 101 yields the same results as 1, 100, or 101 used previously. The correlations
for each heat transfer regime are presented below.
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4.2.3.1 Geometry 101, Correlations for Single-Phase Liquid At Supercritical and
Subcritical Pressure (Modes 1 and 2), Single-Phase Vapor/Gas (Mode 9), and
Noncondensable-Vapor-Liquid Mixture (Mode 0).  The DITTUS subroutine calculates heat transfer
coefficients for single-phase and noncondensable-vapor-liquid mixtures. There are correlations for forced
turbulent convection, forced laminar convection, and free (natural) convection. The code uses the
maximum of the three correlations. Using the maximum value ensures a smooth transition between

correlations and follows the suggestion by Raithby and Hollands in Handbook of Heat Ttanster:
Nu = max (Nebrced turbulent NUorced laminarNUtree) (4.2-2)
where

Nusselt number Q—D

Nu = ”

k = fluid thermal conductivity

h = surface heat transfer coefficient

D = heated equivalent diameted» —=
Pheated

Acs = flow area

Pheated = perimeter of heated surface.

Liquid properties are used for supercritical liquid, and vapor/gas properties are used when the void
fraction is above zero.

4.2.3.1.1 Geometry 101, Turbulent Forced Convection Model Basis  --The Dittus-Boelter

correlatiorf->3was originally derived for turbulent flow in smooth tubes for application to automobile
radiators. It takes the form

Nu = C R&8%" (4.2-3)
where

C = coefficient

Re = Reynolds Number %9
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C
Pr = Prandtl Number J:%’
G = mass flux
V1 = viscosity
Co = specific heat.

The physical properties are evaluated at the bulk fluid temperature; n = 0.4 for heating and 0.3 for
cooling.

The correlation was developed from data from the literature for heating #atkt*-22? heating

and cooling water and oft??1and heating and cooling gases. The data obtained were for long tubes with
an average conductance obtained using a log mean temperature difference. Some of the data were reported
by Stanton in 1897. The conditions for the data are

. McAdams-Frot2-19

Fluid - water (heating)

- Coefficient - 850 to 15,300 WAK
- Tube ID - 0.0095, 0.0127, 0.0254 m
- Velocity - 0.183to0 6.1 m/s
- Data scatter ~40%
- Data points - ~60
. McAdams-Frogt2-20
- Fluid - water (heating)
- Tube ID - 0.0074 to 0.0145 m
- Tubelength-0.44t01.24 m

- Fluid velocity - 0.065 to 4.9 m/s
- Coefficient - 840 to 20,700 WK

. Morris-Whitmarf-2-21
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- Fluids - water, miscellaneous oils
- TubeID-0.0157 m
- Tube length - 2.74 m

. Heating parameters

- Velocity - 0.27 to 5.98 m/s

Fluid temperature - 301 to 349 K

- Coefficient - 227 to 8,860 WK
- Data points - 56

. Cooling parameters
- Velocity - 0.34 to 5.15 m/s

- Fluid temperature - 319 to 540 K

- Coefficient - 80 to 3,975 WAK
- Data points - 62

- Literature fluids - unspecified gases

- Pressure range - 10,342 to 1.31 £ pa

- Temperature range - 289 to 1,033 K

- Mass velocity range - 0.98 to 32.2 kg/§-m
- Tube ID range - 0.0127 to 0.152 m
- Number of data points - unspecified.

The correlation was obtained by drawing mean curves through the heating and cooling data of

Morris and Whitmarf-221The data oReference 4.2-1@&indReference 4.2-2pand gas data were plotted
against the mean curves to evaluate the applicability of the correlation to other data. Attempts were made
to improve the correspondence Réference 4.2-2-ata to the correlation based on using the wall, bulk
fluid, or average film temperature for property evaluation, but no improvement was noted. Manipulation of
the data also did not eliminate the need for separate curves for correlating heating and cooling. No mention
was made concerning the deviation between the data and the correlation.
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The value of the constant C = 0.023 is found in McAd4R4.

As reported by Kreit;>22 Equation (4.2-3) has been confirmed experimentally for a variety of
fluids to within + 25% for uniform wall temperature as well as uniform heat flux conditions with moderate
temperature differences between the wall and fluid (constant property conditions) within the following
ranges of parameters:

0.7 <Pr< 160
Re > 6,000

L
5>60

At very small temperature differences (near adiabatic) in air and helium, results of Réyfibfds
were well correlated by the form of Equation (4.2-3) using a constant of 0.021 instead of 0.023. The test
conditions were

. Tube ID - 0.00584 m
. Tube length - 0.635 m
. Pressure - 0.689 to 0.965 MPa
. Temperature - 298 K.

Sleicher and Rouéé ?*indicate that the correlation likely overpredicts heat transfer coefficients for
gases by 10-25% at moderate-to-high temperature differences.

The Dittus-Boelter equation was tested by Larsen and Fofd against water vapor data while
being heated for the following conditions:

. Tube ID - 0.0127 m

. Tube length - 0.914 m

. Pressure - 0.17, 0.34, 0.51 MPa

. Inlet temperature - 422, 644, 867 K
. Mass velocity - 2.3 to 54.2 kg/sém
. Re - 1,900 to 35,000

. Heat flux - 7,569 to 97,760 W/m
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. Wall temperature - 478 to 1,256 K
. Vapor temperature - 422 to 1,089 K
. Pr-0.7 - 1.1.

The data for Re > 6,000 fit the analysis witkiB% when a thermal radiation model was included.

Heat transfer from a heated tube wall to superheated, single-phase vapor/gas during turbulent forced

convection has been experimentally obtained and correlated by Heirfefif&The data were taken for
the conditions as follows:

. Tube ID - 0.00846 m

. Tube length - 0.3048 m

. Pressure - 2.07 to 10.34 MPa

. Temperature - 255 to 755 K

. Superheat - 296 to 334 K

. Wall temperature - 616 to 972 K

. Heat flux - 0.157 to 0.905 MW/n

. Mass velocity - 195 to 1,074 kg/s*m
. Re - 60,000 to 370,000.

Heineman used the data to develop a correlation having the same form as Equation (4.2-3), which
fits the steam data within 10%.

4.2.3.1.2 Geometry 101, Turbulent Forced Convection Model as Coded  --The model is
coded as presented with n = 0.4 for all usage.

The mass flux used in the Reynolds number is increased in two-phase flow cases where the DITTUS
subroutine is called with the mode flag set to 9 or greater, indicating a vapor/gas condition. This occurs
when subroutines CONDEN, PREDNB, or PSTDNB call subroutine DITTUS. In these cases, the liquid
mass flux times the vapor/gas-to-liquid density ratio is added to the vapor/gas mass flux. This effectively

converts the Dittus-Boelter condition into the DougaII—RohseAn%'Wcondition, as is done in the TRAC

codest2-28

Deissler and Taylor's analy$i€2° and experiments by Weisniafi 2 indicate that for turbulent
forced convection of water exterior and parallel to a rod bundle, the heat transfer coefficients value is a
function of the rod spacing to diameter ratio. For spacing/diameter ratios typical of PRéRence
4.2-30indicates the increase in the heat transfer coefficients could be ~ 30%. Surfaces that are flagged as
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vertical rod bundles (discussed later) increase the turbulent heat transfer value by use of a
pitch-to-diameter ratio multiplier developed by Inayat&®!

The assumption is made that the form of the equation for heating is satisfactory for cooling also.
Therefore, the correlation is coded with the exponent on the Prandtl number n = 0.4. The use of n = 0.4
instead of 0.3 for cooling applications results in a 15% higher prediction for vapor/gas and 10% higher for
liquid at 17.24 MPa (2,500 psia). For fluid at a lower saturation pressure or at a superheated temperature,
the difference caused by n diminishes significantly.

There are other situations besides cooling that are not accounted for. These include entrance effects,
laminar-turbulent transition and mixed forced, and free convection. The entrance effect can be important in
the first 20 diameters. Fortunately, important reactor energy exchange surfaces such as the core and steam
generator are hundreds of diameters long.

In the region between forced laminar and turbulent flow, the Dittus-Boelter equation will
over-predict. However, helium flow in a small tube has been characterized by the form of the
Dittus-Boelter equation with a constant of 0.021 to an accuracy 4% at Re > 3,000:22% For Re <
2,100, only a laminar flow coefficient would be correct. This transition is illustrated for dRefference
4.2-22 p. 289. The code switches between laminar and turbulent at Re between 350 and 700. These values
are obtained by equating the Nusselt numbers and solving for Re for the range of Pr likely for liquid and
vapor/gas.

When equality of the Grashof (Gr) number and?Rsists, the buoyancy forces and drag forces

affecting the velocity profile are of the same order of magnith@é?2 The transition encompasses a
significant range in Gr and Re for various geometries. Specific transitional values are known for vertical
concurrent flow. The effects of combined free and forced convection are different for opposing flow and
result in significant changes in the value of the heat transfer coefficient.

4.2.3.1.3 Geometry 101, Laminar Forced Convection Model Basis  --The model is an exact
solution for fully developed laminar flow in a tube with a uniform wall heat flux and constant thermal

properties developed by Sellars, Tribus, and KIeiits The solution takes the form

Nu = 4.36 (4.2-4)
- D
Nu = h ”
h = heat transfer coefficient
D = equivalent diameter
k = fluid thermal conductivity based on bulk temperature.

Some data exist to indicate that the solution is correct. For example, Shdrdiwaprovides a
comparison for helium flow in a tube. The solution is confirmed to withi®%.
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4.2.3.1.4 Geometry 101, Laminar Forced Convection Model as Coded  --The correlation is
applied as presented.

The practice of using the hydraulic diameter in correlations to account for various geometries is not

valid for laminar flow*2-3% Thus, the exact solution for flow in a tube does not necessarily apply to
rectangular or triangular ducts.

For laminar flow with small heat transfer coefficients (h), entrance effects become more important
than for turbulent flow. Neglecting the entrance length for a developing parabolic velocity profile has a

pronounced effect on the average h over the length. Based on information presented ih&aEitbm
the analytical solutions of Kays?1the h as modeled can be 30 to 75% low, depending on Pr over the
several feet of length required to develop the profikeference 4.2-3@lso presents a correlation for

viscous flow in tubes, which includes the effect of the entrance length and with h decreasing along the
length.

The wall boundary condition is also important. For comparison, the average h for a constant wall
temperature is ~ 80% of the h for the constant heat flux assumption. Neither ideal condition applies
directly to reactor conditions, but the constant heat flux assumption used in this correlation will result in
the higher value of h.

The transition to natural (i.e., free) convection flow occurs over a range of conditions as a function of
Re and Gr. The h is also a function of the forced and natural (free) convection component directions (same

or opposite) and entrance length effects. Currently, RELAP%-3ies not account for these factors.

4.2.3.1.5 Geometry 101, Natural Convection Model Basis-- A user-input convective
boundary type of 1, 100, or 101 uses one natural convection correlation if the connecting hydraulic cell is
vertical and another if it is horizontal. When the connecting hydraulic cell is vertical, the Churchill and

Chu correlatiofr2®is used. When the cell is horizontal, a McAdams correfafidris used.

The Churchill-Chu correlation was developed for a vertical flat plate, and it has the form

O [f
[l Ll
E 0.381 R ‘15 E
Nu, = D825+ — 0B R@) -0 (4.2-5)
0 20
0 | 4 [0.4927° i
0 0
where
Ra = Rayleigh number €1, ¢ Pr
Pr = Prandtl number E%’

4-83 INEEL-EXT-98-00834-V4



RELAP5-3D/1.3a

PPOB(T, —TL®

Gr = Grashof number > (4.2-6)
M
i = fluid viscosity
Cp = fluid specific heat at constant pressure
k = fluid thermal conductivity
p = fluid density
B = coefficient of thermal expansion
g = gravitational constant
L = the natural convection length
Tw = wall temperature
Ty = bulk temperature.

The Nusselt numbér’ correlation recommended by McAdams as well as by Incopera and DeWitt
is for the lower surface of a heated horizontal plate or the upper surface of a cooled horizontal plate, and it
has the form.

Nu,_ = 0.27R3” . (4.2-7)

The Churchill-Chu correlation is reported to be valid over the full laminar and turbulent Rayleigh
number range. The authors show good comparisons with data over a wide range but do not quote accuracy

values. The applicable range of the McAdams correlation is between a Rayleigh numBearaf 16°.

4.2.3.1.6 Geometry 101, Natural Convection Model as Coded-- The model is coded as
shown. The correlations are for flat plates, however the code is using them for pipes. The properties are
evaluated at the bulk fluid temperature. The value of the natural convection length used in the correlations
is controlled by the user on the 1CCCG801 through 1CCCG899 and 1CCCG901 through 1CCCG999
cards. If no values are entered or if zero is entered for the natural convection length, it defaults to the heat
transfer hydraulic diameter (i.e., heated equivalent diameter). The Churchill-Chu correlation needs a plate

height. Incropera and DeWft 3" suggest length = surface area/perimeter for the McAdams correlation.
Equation (4.2-7) does not apply to heat transfer inside of horizontal cylinders or for horizontal plates when
the energy flow is vertically up. Additional correlations need to be implemented for pipes, tube bundles,
and flat plates with energy flowing against the gravity vector. Use of the correlations in the code is not
limited by the value of the Rayleigh number.
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4.2.3.2 Geometry 101, Correlations for Saturated Nucleate Boiling (Mode 4) and

Subcooled Nucleate Boiling (Mode 3). The Chen correlatidh?2is used for saturated and subcooled
nucleate boiling. Although the correlation was based on saturated liquid conditions, it is used for
subcooled liquid conditions by using the bulk liquid temperature as the reference temperature for the
convective part of the correlation. The wall is viewed as fully wetted by liquid except for vertically
stratified conditions or, as the void fraction goes above 0.99, the heat transfer coefficient to liquid is
ramped to zero atty = 0.999, and the heat transfer coefficient to vapor/gas is ramped up to the value

obtained from the DITTUS subroutine.

4.2.3.2.1 Geometry 101, Saturated Nucleate Boiling Model Basis-- The nucleate boiling
correlation proposed by Chen has a macroscopic convection term plus a microscopic boiling term:

= hmac(TW - Tspt)F + hmic(Tw _Tspt)s . (4-2'8)

Chen chose Dittus-Boelter times a Reynolds number factor, F, for the convection part and
Forster-Zubet216 pool boiling times a suppression factor, S, for the boiling part, wheyg. Is the
Dittus-Boelter equation, Equation (4.2-3), and the Forster-Zuber equation is

079 0.45_0.49
J ki

Cot P DATO 247 075 (4.2-9)

Nmic = 0.001223 5,05 ozgh?gzzl 249

where the subscript f means liquid, the subscript g means vapor/gas, and

AT, = Ty minus Tg, (based on total pressure)

AP = pressure based on wall temperature minus total pressure.
A plot of the F factor is shown frigure 4.2-4

The suppression factor shown kigure 4.2-5 is the ratio of effective superheat to wall superheat.
The S factor accounts for decreased boiling heat transfer because the effective superheat across the
boundary layer is less than the superheat based on a wall temperature.

The F and S factors were determined by an iterative process. First, F was calculated assuming a
functional relationship with the Martinelli flow parameteq, and the ratio of the two-phase to liquid
Reynolds numbers. With F determined, the convective component was extracted from the total heat
transfer, leaving the boiling component. Then, S was determined assuming it to be a function of the local
two-phase Re. The process was continued for 10 iterations. The solid lines drawn through the data ranges
of Figure 4.2-4andFigure 4.2-5were taken as the values for F and S.

Table 4.2-4indicates data for water, for which the correlation was developed and te&t&t 4242
The mean percent deviations between the correlation and the data sets are presented in the last column.

Table 4.2-4presents nonwater data used in development and testing of the Chen corfefatiihe data
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Figure 4.2-5Suppression factor, S.

ranges indicate that for little high-pressure data were used to develop and test the correlation. The mean
deviation for all the data considered is stated as 11.6%.
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Recent developmeht“4has extended the database over which the correlation has been exposed.

Table 4.2-4Range of conditions tested by Chen for water data .

The maximum pressure of the database was increased to 7.0 MPa for saturated water. The specific effect of
this comparison was not noted.

Reference Geometry Flow Pressure Liquid Quality Heat Average
direction (MPa) velocity (%) flux error
(m/s) (KW/m?) (%)
Dengler- Tube Up 0.05-0.27 0.06-1.1 15-71 88 - 63 14.7
Addoms
Schrock- Tube Up 0.29-3.48 0.24-41 3-50 205 - 240 15.1
Grossman
Sani Tube Down 0.11-0.21 0.24-0.82 2-14 44 - 158 8.5
Bennett Annulus Up 0.10-0.24 0.06-0.2)7 1-59 55-101 10.8
et al.
Wright Tube Down 0.11-047 054-341 1-19 41 - 218 154
Table 4.2-5Range of conditions for nonwater data used in testing Chen correlation .
Fluid Pressure Reduced Liquid Quality Heat Average
(MPa) pressure velocity (%) flux error
(MPa) (m/s) (KW/m?) (%)
Methanol A1 0.013 0.3-0.76 1-4 22 -56 11.3
Cyclohexane A 0.026 0.4 -0.85 2-10 9-41 13.6
Pentane A 0.031 0.27 - 0.6} 2-12 9 - 39( 6.3
Heptane A1 0.038 0.3-0.73 2-10 6-30 11.0
Benzene 1 0.021 0.3-0.73 2-9 13-43 11.9

4.2.3.2.2 Geometry 101, Saturated Nucleate Boiling Model as Coded--
coded as expressed above, subject to the modifications as explained below.

The model is

Chen’s original paper presented S and F in graphical form, and Butterworth made the curve fits given

by Equations (4.2-10) and (4.2-12) as reported by Bjornard and GiffifA.

The suppression factor S makes use of the F factor

1+0.42

oo [

where

Rep, = min (70, 1 Rg F-%)

(1+0.12Rg) ™"

R&™™

0.0797

Re, <325

32.5< Rg,<70

Re,>70
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(4.2-10)

(4.2-11)
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G:D
R = —
& e
Gt = liquid mass flux.

At Rep = 70, S is 0.0797, not 0.1, as given by Bjornard and Griffifi*> This avoids a
discontinuity.

The F factor comes from the inverse of the Lockhart-Martﬁm%‘l‘fPfactorxtt; it is given by

F = 2.35x;.+0.213>"° (4.2-12)
where

.5 1
Xtt EO %)_%O Slfgo . (4.2-13)

The term)(t‘tl is limited to 100 and, if it is less than 0.1, F is set to 1.0.

The mac term uses the Dittus-Boelter equation unless the liquid Reynolds number is less than one
million, then it calls the DITTUS subroutine and uses the maximum of laminar forced convection,
turbulent forced convection, and natural convection. Thus, when the liquid Reynolds number is zero, the
mac term will be nonzero. Calling subroutine DITTUS at low Reynolds numbers helps smooth the
transition between boiling and forced convection.

Where the code flow regime model indicates that vertical stratified flow exists or the level model is
on in the cell connected to the heat structure, the code combines the coefficients above the level with those
below the level. Below the level, the modified Chen model (discussed above) is used. Above the level, the
maximum of the Dittus-Boelter equation [Equation (4.2-3)] and the Bayley natural convection equation
are used. The Bayley equation is

Nu = 0.1 R§3333, (4.2-14)

It was developed for air with Grashof numbers abov& 1Bhen vertical stratified flow exists, the above
level coefficient is reduced by the vapor/gas volume fraction and the modified Chen coefficients below the
level are reduced by the liquid volume fraction. When the level model is on, the level fractional height
within the cell is used as the multiplier on the Chen coefficients instead of the liquid volume fraction, and
one minus this value multiplies the vapor/gas region coefficient. Note that the level model does not have to
be “on” in order for there to be a vertical stratified flow regime. The multiplier on the liquid coefficient is
Mg, and the multiplier on the vapor/gas coefficient is1-M
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Between a wall superheat value of 0 and 1 K, the F factor is ramped between 1.0 and its full value. It
is ramped to 1.0 at zero degrees superheat so that the mac term will match the mac term calculated in
subroutine CONDEN as the wall temperature crosses the saturation value. Subroutine CONDEN values
are also ramped as the wall subcooling disappears.

If the total heat flux is calculated to be less than or equal to zero, the mode is set to 12.

4.2.3.2.3 Geometry 101, Subcooled Nucleate Boiling Model Basis--  The subcooled
boiling model was developed to generate bubbles in the superheated liquid next to the wall. A special

model was needed because RELAP523[@an only track the bulk liquid temperature. Actually, there is a
superheated liquid layer next to the hot wall that is a source of vapor. The model basis is the same as for
saturated nucleate boiling expressed by Equation (4.2-8), with changes proposed by Bjornard and

Griffith; #24°set F to one and use the total mass flux in the Reynolds number.

The correlation has been tested with some water, ammonia, and n-butyl alcohol fluid data by Moles
and Shal:?#’ The data scatter was large (+180 to -60%), with the data generally being underpredicted.

4.2.3.2.4 Geometry 101, Subcooled Nucleate Boiling Model as Coded-- The coding
follows Collier and Butterworth$2-48suggestion for subcooled liquid conditions by using Tiiquig

instead of J,4) - Tsptas the driving potential for the convection term.

Using the model exactly as suggested could result in unacceptable discontinuities. Between a liquid
subcooling of zero and 5 K, the Chen F factor is linearly modified from the correlation value to 1.0, as
follows:

F'= F=0.2 T~ T)(F-1) dot> T 2 (Tspt- 5)
=1 f <WTspt-S) - (4.2-15)

The functional relationship is shown Figure 4.2-6 This procedure provides smoothing of F for the
liquid forced convection h if the fluid temperature falls betwegg;@nd Tg,;- 5. Also, under subcooled

conditions, the mass flux in the Reynolds humber continues to be the liquid mass flux.

The modification resulting in theF'  factor can result in a larger multiplying factor than

recommended for subcooling between 0 and an arbitrary 5 K. The modification does result in a smooth
transition between subcooled and saturated forced convection as the subcooling goes to zero.

The modifications for vertical stratification/level for saturated nucleate boiling are also used for
subcooled nucleat boiling.

If the total heat flux is calculated to be less than or equal to zero, the mode is set to 12.

4.2.3.3 Geometry 101, Correlations for Subcooled Transition Boiling (Mode 5) and
Saturated Transition Boiling (Mode 6).  The heat fluxes for both transition and film boiling are
evaluated in subroutine PSTDNB. When transition boiling flux is the highest, the mode number is either 5
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Figure 4.2-6Modified Chen F factoF’ as a function of F and subcool¥ig{;= Tgp¢- Ty).

or 6. The same correlation is applied to saturated and subcooled flow. The calculated heat flux value for
transition boiling is applied to post-CHF heat transfer if it is larger then the value for film boiling given in
Section 4.2.3.4.

4.2.3.3.1 Geometry 101, Transition Boiling Model Basis-- The Chen transition boiling

modef-2-10considers the total transition boiling heat transfer to be the sum of individual components, one
describing wall heat transfer to the liquid and a second describing the wall heat transfer to the vapor/gas.
Radiative heat transfer from wall to fluid is not specifically described in the model, as it is estimated to be
less than 10% of the total. Whatever radiation effects are present are lumped into the liquid and vapor/gas
heat transfer components.

The development of the Chen transition boiling model is stated to be primarily applicable to a
dispersed flow regime, where liquid droplets are suspended in a bulk vapor/gas stream. It is recognized
that an inverse annular flow regime, where a vapor/gas film separates a bulk liquid core from the wall, may
be present near the CHF point. Nonequilibrium phase states are treated through the apportioning of heat
energy to the individual phases. The model is expressed as

Ot = OufAf + hugg(Tw-Tg)(1-Ag) (4.2-16)
where

Oip = transition boiling heat flux

As = fractional wall wetted area

Pwgg = heat transfer coefficient to vapor/gas (from DITTUS subroutine).

INEEL-EXT-98-00834-V4 4-90



RELAP5-3D/1.3a

The q,s term is a complex mechanistic relationship predicting the average heat flux during the time

of contact between the liquid and the wall. The heat removal process is described by a three-step model
considering a prenucleation period, a bubble growth period, and a film evaporation period.

As is dependent on the amount of liquid present at any instant at a particular section of the heated
tube and on the probability of this liquid contacting the hot walls&mpirically correlated as

0.5
e_)‘ (Tw - Tspt)

Af =
A = max@q,A,)
A = cl—CLOS’ (G is mass flux in [Rhr-ft?)
1
C,G
A = —
2 10°
C, = 2.4G
0.05
C = ——— +0.07%x
2 1-ay ’
Cs = 026G
Og = vapor/gas volume fraction.

The C, and G coefficients are correctly given above but are not corre®éference 4.2-18 The
constant in  is incorrectly given as 24 ilReference 4.2-1Cather than the correct value of 2.4. The
constants in € are incorrectly given as 0.005 and 0.0075Reference 4.2-1Qather than the correct
values of 0.05 and 0.075.

The void fractiorng is calculated assuming homogeneous flow.

The hygqterm in Equation (4.2-16) is based on the Reynolds analogy for forced turbulent vapor/gas

flow in a duct with the Colburn suggestedzﬁrfactor multiplying the Stanton number. The analogy takes
the form

a. Personal communication, J. C. Chen to R. W. Shumway, May 1988.
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Twin
11

StP (4.2-17)

NI

where f is the Fanning friction factor. The model uses an explicit form for f, which approximates the work
of Beatti¢"2*?who developed friction factors for two-phase post-CHF conditions. The feriwi0.037
Re%17 The coefficient for wall-to-vapo/gas heat transfer then takes the form

hwgg = 0.0185 R&83piL3 (4.2-18)

This hygq term is replaced in the code adaptation, which will be discussed in the next section, and
thus it will not be described further here.

The Chen transition boiling model was compared to data (4167 points) from eight sources for water
flowing in tubes with a mean deviatfoaf 16.0%.Table 4.2-6lists the parameter ranges.

Table 4.2-6Chen transition boiling correlation database.

Geometry: Vertical tube
Flow: Upward
Experimental method: Heat flux controlled, uniform heat flux at the wall
Data source System Tube Equilibrium Data
pressure diameter Mass fIL;x 16 quality Heat flu>; 10 points
(MPa) (cm) (kg/m*-s) (W/m?)
B&W 0.42-10.4 1.27 40.7 - 678 0.675-1.728 1.00 - 6.63 904
Bennett 6.89 1.26 380 - 5,23% 0.30-0.9 3.47 - 20.5 1111
Bennett & 6.77 - 7.03 1.26 1,112-1,841 0.516-1.083 1.29-14.6 73
Kearsey
Bertoletti 6.89 0.488 1,085-3,946 0.383-0.90 1.36-15.8 6b
Bishop 16.6-195| 091-0.25 2,034-3,377 0.16-0.96 8.92 - 16.6 43
Era 6.89 - 7.28 0.60 1,098 - 3,024 0.456-1.238 2.09-1p.5 576
Jansson 0.64 - 7.07 1.27 16.3-1,0P4 0.392-1/634 0.34-9.97 836
Herkenrath 14.0-19.5 1.0- 2. 693-3,526 0.151-1)270 2.58-16.6 559

N

1 z |Qmeasured_ Qpredictec‘
1

a. The mean deviation is taken toMe = —
N Qmeasured
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4.2.3.3.2 Geometry 101, Transition Boiling Model as Coded--  Total wall heat flux, ¢, is

obtained from components describing the wall-to-liquid heat flux and wall-to-vapor/gas heat flux, as
follows:

Gb = GcHrAr Mg + hNgg (Tw - Tg) (1- A Mg) . (4.2-19)

The term g corresponds to the boiling critical heat flux calculated for the current local conditions.

This substitution simplifies the computational process. The CHF computational models are described in a
later section. Mlis the vertical stratification/level model multiplier for the liquid.

The following modifications were made to the process for calculatingrAe code used the actual
void fraction belowog = 0.999 instead of the homogeneous value. To limit the possibility of dividing by
zero during the evaluation of constant @ limit was placed oay, as follows:

g =min (g, 0.999) . (4.2-20)

The minimum of 15 K and the square root of the temperature differengg, '('gp,)ll2 is used in the
equation for A. This procedure ensures that the computed wetted wall area fractiomains bounded
and protects against computer underflow.

If the flow regime has been identified as being vertically stratified, or if the level model is on in the
cell, a reduction factor is applied (shown ag &bove; described in the nucleate boiling section wheye M
is the liquid volume fraction when vertically stratified and M the level fractional height within the cell
when the level model is on). If stratified flow does not existjs\L..0.

The effective [y for the wall-to-vapor/gas heat transfer component is obtained by a call to
subroutine DITTUS with vapor/gas conditions (see the previous description of Mode 9 in Section 4.2.3.1).
The call to subroutine DITTUS is used here to provide a smooth transition to film boiling which also calls
subroutine DITTUS. Linear ramping is used betweg= 0 andag = 0.5. The heat transfer to vapor/gas
must ramp to zero aiy = 0 because heat transfer to a nonexisting mass causes code failures. The void
fraction can go to zero, whereas a surface connected to a fluid cell is highly superheated if the fluid has
enough subcooling to condense the vapor.

4.2.3.4 Geometry 101, Correlations for Subcooled Film Boiling (Mode 7) and
Saturated Film Boiling (Mode 8). Film boiling is described by heat transfer mechanisms that occur
during several flow patterns, namely inverted annular flow, slug flow, and dispersed flow. The wall-to-fluid
heat transfer mechanisms are conduction across a vapor/gas film blanket next to a heated wall, convection
to flowing vapor/gas and between the vapor/gas and droplets, and radiation across the film to a continuous
liquid blanket or dispersed mixture of liquid droplets and vapor/gas. The liquid does not touch the wall
because of a repulsive force generated by the evaporating liquid. The fluid environment may be stagnant or
flowing, saturated or subcooled. The analytical models for conduction, convection, and radiation that form
the basis for the code models are described below. The calculated heat flux from film boiling is applied to
post-CHF heat transfer if it is larger than the value determined from transition boiling (Section 4.2.3.3).
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4.2.3.4.1 Geometry 101, Film Boiling Model Basis for Conduction-- The conductive

mechanism can be attributed to the work of several investigdtdrst42-544.2-51 grom|eyt-2-11
developed an expression to describe the laminar conductive flow of heat energy from a horizontal tube to a
stagnant fluid environment. The expression takes the form

0.25
g

gpgké(pf _ pg)h'fgcp

L(Tw—Tep)Pry } (4.2-21)

h:c[

whereh's, is a correction to the heat of vaporizatiog, tvhich additionally includes the energy absorbed

by the vapor/gas surrounding the tube. Bromley took this additional energy to be determined by
Cog(Trim — Tspy » Where the arithmetic average temperature of the vapor/gas film is given by

Thim = Tw +2TS‘“ (4.2-22)
Thus,h'y, is given by (4.2-23)
W' = Mg+ 0.5 Gg(Ty - Tspd - (4.2-24)

The length term, L, for tubes is the tube diameter. A value for C = 0.62 was determined from fitting
data. Test conditions are described betow.

Carbon tube diameter: 0.63, 0.95, 1.27 cm.

Stainless steel tube diameter: 0.476 cm.

Pressure: atmospheric.

Fluids: water, nitrogen, n-pentane, benzene, carbon tetrachloride, and ethyl alcohol.

The water data were somewhat overpredicted by Equation (4.2-21).

Essentially, all the data were correlated within 18%. The conductive portion of the total

experimental heat flux was obtained by calculating and subtracting a radiation component based on a
parallel plate model using an appropriate wall and liquid emissivity (not stated).

Berensoft?°9 performed a hydrodynamic stability analysis for laminar film boiling above a flat
plate. A solution was obtained for the most dangerous wave length resulting in instability. The form of the
solution was similar to that of Equation (4.2-21), with the differences

a. Data tables are on file with the American Documentation Institute, Washington, D.C.
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o 0.5
L = 2T[|: } (4.2-25)
a(Ps —Py)
where
o = liquid surface tension
and
C = 0.425.

The L of Equation (4.2-25) was observed to be the characteristic length for film boiling on a
horizontal flat plate.

Breen and Westwatef>! compared data to Equation (4.2-21) and observed film boiling flow
patterns. They determined that heat transfer from horizontal tubes in a stagnant fluid pool could be
characterized by the ratio of the minimum critical hydrodynamic wave length, L (defined above), to the

tube diameter, D. I% was less than 0.8, the heat transfer rate exceeded that given by Equation (4.2-21).

This limit marked the departure from viscous vapor/gas flow and a smooth liquid-vapor/gas interface to
turbulentvapor/gas flow and a wavy interface. The data considered included that from horizontal tubes
with diameters ranging from 0.185 to 1.85 in. and the fluids freon-113 and isopropanol boiling at
atmospheric pressure and saturation temperature.

The relationship noted between the hydrodynamic wave length and horizontal tube diameter
provides a reasonable rationale for the code correlation described in the next section.

4.2.3.4.2 Geometry 101, Film Boiling Conduction Model as Coded--  The code model for
energy transport to the vapor/gas film is that obtained by replacing the diameter of Equation (4.2-21) with
the minimum critical wave length given by, Equation (4.2-25). The equation is

9pKa(Pr = Pg)NigCrgl ™
hf_ = 0.62[ gXg o) g pg} M 4.2-26
spt L(Tw—Top)Prg a ( )
where
Mg = void fraction factor.

The void fraction factor smooths h over the range of the void fraction likely seen from an inverted
annular flow patterndy = 0.2) to a dispersed flow film boilingo = 0.999). A spline fit is used between

0.2 and 0.999. Mis one between(g =0 andO(g =0.2. ltis zero atJ(g = 0.999. At a void fraction of 0.95,
Mg is 0.0108. The property fg is evaluated at the vapor/gas temperatuig,vhile pg, g, and kg are
evaluated at the film temperature [Equation (4.2-22)].
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The effect of liquid subcooling is included and is from Sudo and Mtfaslt is given by
hfspt = hpd1 + 0.025 max[(Ty- Ty), 0.01} . (4.2-27)

4.2.3.4.3 Geometry 101, Film Boiling Model Basis for Convection--  As the liquid core for
the inverted annular flow pattern shrinks, convection to thevapor/gas increases and becomes the
predominant heat transfer mechanism for significant flow rates. The single-phase vapor/gas correlations
previously presented in Section 4.2.3.1 become the model basis.

4.2.3.4.4 Geometry 101, Film Boiling Convection Model as Coded--  The coefficient
describing the convective portion of film boiling heat transfer to the vapor/gas is the value calculated by
the DITTUS subroutine using vapor/gas properties (see the previous description of Mode 9 in Section
4.2.3.1). The coefficient is linearly ramped to zero as the void fraction decreases from 0.5 to zero. To
calculate the heat flux, dlis taken to be the maximum ofyBr Tg,; Convection between the vapor/gas and

liquid is included in the interfacial heat transfer models.

4.2.3.4.5 Geometry 101, Film Boiling Model Basis for Radiation--  The radiation

mechanism for heat transfer is attributed to Sun, Gonzalez-Santalo, an& % #éThe main purpose of

the reference is to develop an engineering method for calculating boiling water reactor (BWR) fuel rod
heat transfer to the cooling medium during emergency core cooling (ECC) top spray injection. The report
presents a method for estimating the radiation energy transfer between a vapor/gas-liquid-droplet mixture
enclosed by a wall. Interchange between metal surfaces is not considered, which implies that all wall
surfaces must be at equal temperatures, so no net energy transfer occurs between surfaces. The model
considers the vapor/gas-liquid mixture as an optically thin medium, which means the vapor/gas and liquid
do not self-absorb emitted radiation. Thus, the vapor/gas and liquid may be treated as simple nodes.
Radiation energy exchange occurs between the liquid and the vapor/gas, between the liquid and the wall,
and between the vapor/gas and the wall. The surface areas of the liquid and vapor/gas are both taken to be
equal to the wall surface area with view factors of unity. The three “surfaces” are isothermal, radiosity is
uniform, and the “surfaces” are diffuse emitters and reflectors. The radiation heat fluxes are expressed by
Sun, Gonzalez-Santalo, and Tien as

Ow = FWfo(TW4 - Tspt4 )
— 4 4
Owg = Fngo(Tw - Tg) (4.2-28)

Ugf = Fng(Tg4‘Tspt4 ) -

The subscripts wf, wg, and gf denote wall-to-liquid, wall-to-vapor/gas and vapor/gas-to-liquid heat
transfer, respectively. The liquid is assumed to be at the saturation temperature corresponding to the total

pressure. Also, the F's are the gray-body factors arid the Stefan-Boltzman constant, 5.670 X810
W/m2K. The gray-body factors are defined as
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E o= 1
wf =
Rw Rwl]
R+ R * R
1
Fug =
Rw RWD
R.=1+—+—=
g R, RU
_ 1
Fgt = R R
949
Rf%[ *R+RD
The R terms are given as
R 1-g4

9 gy(1—tyg)

1-¢
R = ———
T e(1-ggEy)
R, = 1,18

The emissivitiesg, are given as
&g = 1-exp(-gLm)

& = 1-exp(-alm)

Lm is @ mean path length, angand g are vapor/gas and liquid absorption coefficients, respectively.
The variables |, and aare defined as defined as

Xa = absorption efficiency
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n = droplet number density

d droplet diameter.

The number density is

o0& - S (4.2-29)
nd’p;v; 1d

n =

The absorption efficiency, Xis 0.74 for drops of size range 0.01 to 0.2 cm diameter, wl%re >>

1 andA is the characteristic wave length emitted by the heated watl 2.3 x 10% m for 1,255 K). From
the above,

a = E'—%lg—f : (4.2-30)

The vapor/gas absorption coefficienf@and the emissivityg,, of a zircaloy wall are taken directly
from references for a fixed temperature.

The authors state that comparison of model calculations (which include convection from vapor/gas to
droplets) with empirical FLECHT data shows the average droplet size in FLECHT is about 0.228 cm. This
average drop size corresponds well to data in the literature. Thus, it is concluded that the model predicts
the thermal behavior during ECC spray cooling. The drop diameter found also shows that the fluid mixture
is optically thin for the assumed conditions.

4.2.3.4.6 Geometry 101, Film Boiling Radiation Model as Coded-- The coded model
applies the equations above with some changes as follows. The liquid droplet diameter is determined by
two expressions, and the minimum is selected for application. This minimum is protected to be greater
than or equal to 0.00001 m to prevent a divide by zero. The first expression calculates the diameter of a
cylinder of liquid in a tube with diameter D. It assumes all the available liquid forms a cylinder of diameter
dmax iN the center of the tube, and it is given by

O = 0D . (4.2-31)

The second expression calculates the average droplet size based on a Weber number criterion of 7.5,
and it is given by

We o

e = ——m—
e pg(vg - Vf)2

(4.2-32)
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where (y; - vf)2 is protected to be greater than or equal to 0.005 m to prevent a divide by zero.

The liquid emissivity is calculated using the minimum d from Equation (4.2-31) and (4.2-32)
(protected by 0.00001 m) and a mean path length,p¥10.9 D. The mean path length,lis obtained from
Holman'$-?3formula L, = 3.6 V/A, where V is the total volume of the vapor/gas and A is the total
surface area. For a cylindrical pipe, this gives £ 0.9 D. The final liquid emissivity used is taken to be
the smaller of the calculated value and 0.75. The vapor/gas emissivity is assumed to be 0.02. The vapor/gas
emissivitye is obtained from Holman%?>3Figure 8-35, using FLECHT data. A valuegf= 0.02is an
average value over the range of this data. The wall emissivity is assumed to be 0.9. The emjssisdg
in the code (0.9) is slightly larger than the value (0.7) used by Sun, Gonzalez-Santalo, afid tfehe
radiative interchange between wall and vapor/gas and between vapor/gas and liquid is neglected; only the
radiative interchange between wall and liquid is coded. The radiative interchange between wall and

vapor/gas is neglected because during FLECHT experiments, the wall temperature and the vapor/gas
temperature are similar; thusyglis small. The radiative interchange between vapor/gas and liquid is

neglected because representative calculations using FLECHT data indjcestenkich less than,fz, thus
implying gyt is much less thang

4.2.3.5 Geometry 101, Correlations for Critical Heat Flux. The RELAP5/MOD2 computer
program had been criticized for using the Biasi correldtforR’ for predicting the CHF in rod bundles

when the correlation is based on tube dbfz2° The Royal Institute of Technology in Swedefi®>tested
RELAP5/MOD2 against their tube data and found it to generally overpredict the value of CHF, particularly

in the mid-mass flux range (1,500 - 3,000 kg/épnRELAP5-30° uses the 1986 AECL-UO Critical Heat

Flux Lookup Tablé2° method by Groeneveld and co-workers. The table is made from tube data
normalized to a tube inside diameter of 0.008 m but has factors that are applied to allow its use in other
sized tubes or in rod bundles. In addition, it considers both forward and reverse flow, axial power shape,
and the effect of boundary layer changes at both the bundle inlet and behind grid spacers.

4.2.3.5.1 Geometry 101, Critical Heat Flux Model Basis-- Reference 4.2-5&ompares the
predictions of the Biasi correlation to some 15,000 data points in the Chalk River data bank. The
comparison is tabulated ifable 4.2-7 The correlation is compared to two sets of data, (a) all the data and
(b) only data within the correlation range from which it was developed. The data were compared by
specifying the quality at CHF. The comparison indicates that the AECL-UO table is better than the Biasi
correlation.

Table 4.2-7AECL-UO table and Biasi correlation compared to Chalk River data bank .

Data within the error bound (%)

Constant dryout quality No. of data points
+10% +20% +50%
Biasi: all datal 19.30 36.64 67.04 14,401
Biasi: 21.32 41.12 73.04 9,936
validity only
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Table 4.2-7AECL-UO table and Biasi correlation compared to Chalk River data bank (Continued).

Data within the error bound (%)

Constant dryout quality No. of data points
+10% +20% +50%
AECL-UO 40.6 66.54 92.35 14,401

CHF correlations use analytical expressions to try to cover a wide range of flow conditions and
geometries. For instance, if a coefficient is modified to give a better fit to one set of data in a new flow
range, the fit for the original set is adversely impacted. This is not true of tables, because only the points
around the new data need to be adjusted.

The lookup table was formulated from the 15,000 data points to make a three-dimensional table with
4,410 points in a three-dimensional array covering 15 pressures (P) from 0.1 to 20.0 MPa, 14 values of

mass flux (G) from 0.0 kg/ﬁ%s to 7,500.0 kg/s-?r; and 21 equilibrium qualities ( from -0.5 to 1.0.

After finding the CHF from the table, multiplying factors from Groeneveld ef-at>°are used to modify
the table value, i.e.,

CHF = CHFRye* chfmul (4.2-33)
chfimul = k1ek2+k3ekdsk5ek6ek8 . (4.2-34)

Eight multipliers are given inTable 4.2-8§ and the reason k7 is not in the above expression is
explained later. If the mass flux or equilibrium quality are out of range, they are reset to the border value.
The table can also be used for nonaqueous fluids by using property ratios.

Table 4.2-8CHF table lookup multipliers .

k Expression

k1 = hydraulic factor 33
Y kl= %%8; for D < 0.016 m

.33
k1= %’%g for D > 0.016 m

D = heated equivalent diameteHL.
heated perimeter

k2 = bundle factor k2 = min[.8,.8exp(-.5%33)] for rod bundles
k2 = 1.0 for other surfaces
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Table 4.2-8CHF table lookup multipliers (Continued).

k Expression

k3 = grid spacer factor

L
k3 = 1+ AexpB-e ﬁ’g

A = 1.5(KlossP(G« 0.00)%%; B=0.1
Kloss = grid pressure loss coefficient
Lsp = distance from grid spacer

k4 = exp P exp(z.alp]
g

xlim Pg
[xlim + (1 —xlim)] p;
xlim = min[1, max (0,%)]
L = heated length from entrance to point in question

k4 = heated length factor

alp =

k5 = axial power factor kS =1.forgc 0

glocal
gbla
in question

k5 = ; gbla = average flux from start of boiling to point

k6 = horizontal factor k6 = 1 if vertical

k6 = 0O if horizontal stratified

k6 = 1 if horizontal high flow
k6 = interpolate if medium flow

k7 = vertical flow factor |5 for G < -400 or G > 100 kghss, k7 = 1

b. for -50 < G < 10 kg/fs
k7 = (1-alp) for alp < 0.8

_ (0.8+ .2« deny
kK7 = (L-alD T aip « deni

denr = Br foralp > 0.8

g
table value of CHF is evaluated at G = @,X0

c. for 10 < G < 100 kg/fas or -400 < G < -50 kg/fas interpolate]

k8 = -ol-
pressure out-of-range K8 = prop( ou)
prop( bordey

prop = rh%'Shfg[sig(rhof-rhog)] .25

Figure 4.2-7shows the strong hydraulic entrance length effect on k4 at two different void fractions.
The importance of k4 diminishes rapidly with elevatidiigure 4.2-8illustrates the variation in CHF as

the mass flux changes from -1,000 k_@plmto 1,000 kg/rﬁ-s at a pressure of 0.1 MPa and a void fraction
of 0.8.
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1.40 .
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N alp=0.1
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alp=0.8
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Figure 4.2-7Effect of heated length on CHF k4 multiplier (D = 0.008).

RELAP5-30° CHF Table

alp=.8, s=1, p=.1, Dht=.0098, Dy=.0045, dz=3.8
6 T T

5 — Groeneveld

Heat flux (MW/nf)

-1000 -500 0 500 1000
Mass Flux (kg/rf-s)
twsup=10, tvsup=.001, tlsub=0., istrat=0

Figure 4.2-8Variation of CHF with mass flux.
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Questions about the accuracy of the table lookup method under low pressure, low mass flux
conditions have been raised. Groenevétd's® paper reports good agreement with 153 data points

between 40 kg/fs and 100 kg/ms, as shown ifFigure 4.2-9 The root-mean-squared (RMS) error at
low pressure is about 40%. Its accuracy for rod bundles is uncertain.

Error at constant dryout quality

2 0 153 Number of points in range
S *
@
n 1.0+
= 1906
43 4150
14 22
|36 | 2861 1428 236
0.0
0O 40 100 400 1000 2000 3500 5500 7500
Mass flux (kg/mi-s)
2.0
S
)
1.0
< 2144 2007 2946
> |201 184 492 2600 2281 1546
0.0

N
N

o 2 5 1 25 6 8 12 16
Pressure (MPa)

Figure 4.2-9Groeneveld reported root-mean-squared CHF errors.

4.2.3.5.2 Geometry 101, CHF Model as Coded-- The model coded is the same as described

above except for the number of points in the table. Bee&iis 10kg/m?-s and G = 400 kg/fs were not

in the table but are used for interpolation, these two sets of points were found by interpolation and added to
the table. This way, they would not need to be found at each heat slab at each time step under low mass
flux conditions. The equilibrium quality (¥ used in the code in wall heat transfer is based on phasic
specific enthalpies and mixture specific enthalpy, with the mixture specific enthalpy calculated using the
flow quality.

Reference 4.2-56ays to set G and o zero when the mass flux is between 10.0 kggand -50.0
kg/mz-s (reset method). Since CHF decreases with increasing quality, CHF is elevated and has a flat shape
compared to using G andgft their actual values. This is illustrated figure 4.2-10at a pressure of 7
MPa and a void fraction of 0.9. To find out what the effect would be of using actual values of Ggand X
points were chosen out of the Groeneveld data in the INEEL data bank, which had a mass flux less than
100 kg/n‘?—s. Of the 9,353 points, 133 were in this rang&igure 4.2-11 shows the
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predicted-versus-measured CHF for these 133 data points, using the model as coded. The data are
scattered, as may be expected for low mass flux. The average error was -0.503, with a root-mean-square
(RMS) value of 4.78. Comparing the same data using the actual values (measured G), the average error
was -0.30, with an RMS error of 3.92. Based on this data set, it appears better not to use the Besed X

method recommended iReference 4.2-56 However, Kyoto University dafe™>’ suggest just the
opposite. These data were taken in a vertical rectangular duct with one wall hEgace 4.2-12
compares the data with the two methods of handling the low mass flux probiguare 4.2-13shows only

the low mass flux region. The suggested reset method is obviously better in this case. The region between
-50kg/n-s and 10 kg/serhis not flat, as it is inFigure 4.2-1Q because of the void fraction variation built

into k7. The net result of these comparisons is that the model has been coded with the reset method
suggested by Groenevéld:>®

RELAP5-30° CHF table lookup

p=7, alp=9, s=1, Dht=.0098, Dy=.0045, dz=3.8
3 : .

G and X%, resetto 0.0
G and X not reset to 0.0

Heat flux (MW/n?f)

-100 -50 0 50 100
Mass flux (kg/mi-s)
twsup=10, tvsup=.001, tlsub=0., help=0, istrat=0

Figure 4.2-10Low mass flux CHF with and without G and set to 0.0.

The average error for all 9,353 data points was -0.049 and the RMS error was 0.39 (i.e., 39.%).

After finding the correct point in the CHF table for a given P, G, angfur pressure interpolations

are made to find the value of CHF at C1, C2, C3, and C4. Next, two mass flux interpolations are made to
find C5 and C6. Lastly, the quality interpolation is made. The interpolation box is illustratEdyure

4.2-14 In order to have a smooth CHF curve as the mass flux changes from high to low, the k7 multiplier
is treated differently than the other multipliers. In the low mass flux range, k7 is applied only to the CHF
values obtained in the mass flux rangé ® = 10kg/nf-s to -50 kg/serA. In other words, when
interpolation is required, the low mass flux ends of the interpolation box are multiplied times k7, but the
high mass flux ends (100 kgfrs and -400 kg/fss ) are not.
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Groeneveld tube data G less than 100 Keggm

5 T T T T
€ +
= 4+ + + .
=
< + o+
x
ERER :
T
2
5 2+ 4
2 + +
S 1l e A LT
o

T +
0 ; P i+ .
0.000 0.225 0.450 0.675 0.900 1.125

Measured heat flux (MW/f

Figure 4.2-11Low mass flux data comparison with G angrset to 0.0.

4.2.3.6 Geometry 101, Correlations for Condensation (Modes 10 for ay<1and 11 for
a4 = 1). Wall condensation is the process of changing a vapor near a cold wall to a liquid on the wall by

removing heat. In many postulated light water reactor accident conditions there may be noncondensable
(NC) gases mixed with vapor. The noncondensable gases have an insulating effect on the heat transfer
between the vapor/gas and the wall. The rate of the condensation process and heat transfer to the wall
depends on the degree of wall subcooling relative to the saturation temperature based on the partial
pressure of the vapor and other factors such as the liquid film thickness, turbulence, vapor/gas shear, etc.
The heat released at the vapor/gas-liquid interface is transferred through the liquid film and into the wall.

Two general classifications of wall condensation are “film” and “dropwise.” Film condensation has
been studied experimentally more than dropwise condensation because metal tubes are easily wetted.
Special coating materials are sometimes applied to metals to increase the surface areas over which beads of
water drops exist because dropwise condensation rates can be an order of magnitude larger than filmwise
rates. A schematic of film condensation on a vertical surface is showigire 4.2-15 Radial flow of
vapor toward the cold wall transports the noncondensables to the wall, where they accumulate due to
condensation of the vapor. The resulting honcondensable concentration gradient causes noncondensable
diffusion back toward the mainstream counter to the vapor flow direction. The vapor partial pressure and
temperature are lower in the noncondensable buffer layer than in the mainstream, as shown in the figure.
The effect of the noncondensible gas is to make a reduced temperature differgatg)(@nd reduced

heat flux through the liquid film.
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Kyoto University channel CHF data

One side heated; Water inlet T =°80
4 . . . . . .
+—+ Table-no-reset
=—& Table-reset
3 o—o Data ya

Mass flux (MW/s-rd)

O 1 I k7
-300 -200 -100 0 100 200 300 400

Mass flux (kg/m-s)

Figure 4.2-12Kyoto University data comparison with and without G andeset to 0.0.

Figure 4.2-15also shows that as the condensate layer thickness increases it can undergo a transition

from laminar to turbulent flow. McAdanis’™’ suggests that transition occurs at a condensate Reynolds
number of 1,800, where the Reynolds humber (Re) is defined as

Re= 4L (4.2-35)
Hs

where
Mg = liquid viscosity
r = liquid mass flow rate per unit periphery

= M i

r= ™. (4.2-36)

m; = liquid mass flow rate
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Kyoto University channel CHF data

One side heated; Water inlet T =80

0.5 T T T T T T T T T A
+—+ Table-no-reset
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ﬁg o0—o Data S
2
S 0.3
3
= 0.2
©
(O]
T
0.1
O_O 1 1 1
-50 -40 -30 -20 -10 O 10 20 30 40 50
Mass flux (kg/mi-9

Figure 4.2-13Kyoto University data comparison at low mass flux.

CHR CHE
X ,i+35jPi+1

X e,i+lGj+1!Pk+1

CHE
X ,iGj+1.Pk

Figure 4.2-14lllustration of CHF interpolation technique.
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Vapor-noncondensible mixture inside tube

~

Noncondensable boundary layer

Liquid film

Tube outer wall— Film laminar to turbulent transition

Cooling liquid Total pressure,P

Vapor partial pressure
profile, PppS

Vapor temperature
profile, Tg = TSpp

—————— >

—1  P=0
Liquid-vapor/gas interface temperaturg; T

Liquid temperature profile, T

Figure 4.2-15Film condensation schematic.

inner diameter of the tube.

Dj

However, at high values of the vapor/gas shear stress, Carpenter and ¢81Bfound transition
Reynolds number values as low as 200 to398°

The model uses the maximum of the Nus&étt3 (laminar) and Sh&t?14 (turbulent) correlations
with a diffusion calculation when noncondensable gases are present. A new condensation model is being
developed which will use the diffusion method for both the wall and vapor/gas-liquid interfacial heat
transfer rates. Currently the wall and interfacial heat transfer are partially uncoupled. The mass transfer
rate calculated in the wall heat transfer section of the code is used in the energy and mass continuity
equations. However, the bulk interfacial part of the code does not recognize a unique film condensation
mode where, in steady-state, energy from the vapor/gas must equal energy to the wall.

The RELAP5-3[¥ condensation heat transfer routines model laminar film condensation on an
inclined or vertical surface and laminar film condensation inside a horizontal tube with a stratified liquid
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surface. RELAP5-38 calculates a wall heat transfer coefficient based on condensation logic under the
following conditions:

1. The wall temperature is below the saturation temperature based on the bulk partial
pressure of vapor minus 0.001 K. The small subtraction was made because, when
noncondensables are present and the default diffusion method (by Colburn-Hougen) is
being applied, the code could not converge on a liquid-vapor/gas interface temperature if
the temperature difference was insignificant.

2. The liquid temperature is above the wall temperature. The model is a film condensation
model where the liquid is heating the wall.

3. The liquid volume fraction is greater than 0.1. As the liquid volume fraction approaches
zero, transition to forced convection occurs.

4, The bulk noncondensible quality is less than 0.999.
5. The pressure is below the critical pressure.

Several other factors are considered for smoothing, physical arguments, and the presence of a
noncondensable gas. When the wall temperature is less than one degree subcooled, the liquid coefficient is
ramped to the Dittus-Boelter value and the vapor/gas coefficient is ramped to zero, so that transition will
occur smoothly between the condensation mode and boiling mode. Besides the temperature ramp, there is
a void fraction ramp. At void fractions less than 0.1, the HTRC1 subroutine goes to subroutine DITTUS to
get the coefficients. Therefore, in the CONDEN subroutine, between a void fraction of 0.3 angfig, h

ramped to the Dittus-Boelter value, angljg is ramped to zero. When the void fraction is 1.0, subroutine

DITTUS is called to obtain the convection-to-vapor/gas ratio, and this contribution is added to the
condensation term. The direct vapor/gas mass transfer Egfnis computed from the vapor/gas heat flux

and the vapor/gas-to-saturated liquid specific enthalpy difference.

The method calculates heat transfer coefficients based on filmwise condensation. The method of
calculating the heat transfer coefficient is given below. Once it is known, it is used to calculate the total
heat flux, and it is given by

A" = he(Ty—Tsppw (4.2-37)
where

a." = total heat flux

he = predicted condensation heat transfer coefficient

Tw = wall temperature

Tsppb = saturation temperature based on partial pressure in the bulk.
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Because RELAP5-3D is a two-fluid code, the liquid and the vapor/gas can both theoretically
exchange energy with the wall. Although film condensation is the only condensation mode considered,

currently RELAP5-3[9 allows both a heat flux to liquid and one to vapor/gas. The heat flux to liquid is
qf" = hc(TW_Tf) (42'38)

where

Ts = bulk liquid temperature.

The vapor/gas to wall heat flux is the difference between the total wall heat flux and the liquid to
wall heat flux. The vapor/gas to wall heat transfer is required to be less than or equal to zero. The
interfacial mass transfer term used in the continuity equation consists of mass transfer near the wall and
mass transfer in the bulk. The term for mass transfer near the wall is computed from the heat flux from the
vapor/gas to the wall.

One abnormal condensation situation the code considers is when the wall is subcooled but the liquid
temperature is below the wall temperature. This occurs when subcooled liquid is injected into a cold tank
with a vapor/gas source at the top of the tank. The problem is that the code only has one liquid temperature
to work with and it needs two; one for the liquid film on the wall and another for the entering liquid. In this
situation the heat flux to the vapor/gas is the condensation coefficient times the wall-to-saturation
temperature difference and the heat flux to the liquid is the coefficient obtained by a call to the DITTUS
subroutine times the wall-to-liquid temperature difference.

4.2.3.6.1 Geometry 101, Inclined Surface Condensation Model Basis--  The default option
in RELAP5-30° is the maximum of the Nuss&i£13(laminar) and Sh&h?144-2-69 (turbulent). The

original work for laminar condensation was accomplished by Nué<el The Nusselt expression for
vertical surfaces uses the film thickne8sas the key parameter instead of the temperature difference, and
it is given by

k
hNusseIt = gf (42'39)
where from Nusselts2 13 derivation the film thickness is
1
TR
5 = [———‘-‘i———} (4.2-40)
ap:(Pr — Pg)

or, in terms of film Reynolds number defined by Equation (4.2-35),
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Wik
Wik

- [_EE.ZLEE_} (4.2-41)

W’iRg }
49p¢(Ps — Pg)

ap:(Pr —Pg)

Assumptions in the analysis for the top of an inclined surface include

1. Constant fluid properties.

1. vapor/gas xerts no drag on liquid surface.

2. Liquid subcooling is neglected.

3. Momentum changes in the laminar liquid annular film are negligible.

4. The heat transfer is by conduction through the laminar liquid annular film.

The Genium Handbook (previously the GE handbook) in Section 506.3 on film condensation with
turbulent flow reports that “perhaps the most-verified predictive general technique available is the
following correlation of Shah”, which is given by

3.8
Nsnan = haEl + ZO—_QSB (4.2-42)
where
.8

z = %(%—15? P (4.2-43)
and

X = static quality = (mass vapor + mass noncondensable)/(mass vapor + mass

noncondensable + mass liquid)
P

P = reduced bulk ressurgr—

red p critical

hgt = superficial heat transfer coefficient
hg = hy (1 - X)08 (4.2-44)
and
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Dittus-Boelter coefficient assuming all fluid is liquid

hy
h, = o.oz%igaeﬁ-spr‘j“ (4.2-45)
h

D
where the Reynolds number is givenRg, = Gtotalih
f

In RELAP5-30° , the wall condensation heat transfer coefficient is

he = max (Bnan hyusseld - (4.2-46)

Thus, the maximum of a turbulent and a laminar correlation is used. The data base for the Shah
correlation includes both horizontal and vertical data.

4.2.3.6.2 Geometry 101, Inclined Surface Condensation Model as Coded--  No analytical
improvements have been incorporated. The laminar model in the code is Equations (4.2-39) and (4.2-41)
with the gravity term modified for inclined surfaces. For inclined surfaces the gravity term is replaced by
the fluid cell elevation rise times the gravity constant divided by the length of the cell. The gravity

constant, g, is taken as 9.80665 fa/Ehe minimum film thickness allowed in RELAP5-5D is 10
microns. Thus, if a volume had a void fraction of 1.0, a high rate of condensation would be predicted to
simulate the beginning of dropwise condensation. The basis for this less-precise model is the short-lived

existance of dropwise condensaftdi™3 The coefficient value from Equation (4.2-39) is compared with
the value obtained from assuming a minimum laminar Nusselt number of 4.36, and the larger of the two is
accepted.

The turbulent model in the code is Equations (4.2-42) through (4.2-45).

Where the code flow regime indicates that vertical stratified flow exists or the level model is on in
the cell connected to the heat structure, the code combines the coefficients above the level with those
below the level. Above the level, the laminar (Nusselt) model discussed above is used. Below the level, the
code uses the maximum of laminar forced convection, turbulent forced convection, and natural
convection. Similar to saturated nucleate boiling, subcooled nucleate boiling, and transition boiling, the
same vertical stratification/level model multiplier¢{Mor the liquid is used. For the vapor/gas, the

multiplier 1-M is used.

4.2.3.6.3 Geometry 101, Condensation with Noncondensable Model Basis-- The

CoIburn-Hougeﬁ'2'15diffusion method is used to solve for the liquid/gas interface temperature in the
presence of noncondensables. The Colburn-Hougen diffusion calculation involves an iterative process to
solve for the temperature at the interface between the vapor/gas and liquid film.

INEEL-EXT-98-00834-V4 4-112



RELAP5-3D/1.3a

The model for the influence of noncondensables on condensation was developed by B&W for the

RELAP5/MOD2 codé&2%! and is based on the work of Colburn and Hou8&n® The model is
developed under the following assumptions:

1. The sensible heat transfer through the diffusion layer to the interface is negligible.
2. Stratification of the noncondensable gas in vapor by buoyancy effects is negligible.
3. Required mass transfer coefficients can be obtained by applying the analogy between the

heat and mass transfer.

4, The noncondensible as is not removed from the vapor/gas region by dissolving it in the
condensate.

The formulation is based on the principle that the amount of heat transferred by condensing vapor to
the liquid-vapor/gasinterface by diffusing through the noncondensable gas film is equal to the heat
transferred through the condensate. From this energy conservation principle, the interface pressure and
interface temperature (s&égure 4.2-19 will be determined by iteration. The heat transfer rate then will
be known.

The heat flux due to condensation of vapor mass flyx.flpwing toward the liquid-vapor/gas
interface is

q"v = jv. hfgb (42'47)

where

Prgp = htgsa{Pyb) = vapor minus liquid saturation specific enthalpy based on the vapor
partial pressure in the bulk

Pub vapor partial pressure in the bulk.

The mass flux is given by

_Pip
: pO
Jv = hmpvbInB—PD (42-48)
_Pup
p U
where
P = total pressure
Pii = vapor partial pressure at the liquid-vapor/gas interface
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hm = mass transfer coefficient
Pvb = saturation vapor density af?
= (1=X0)Pmob
Pmb = combined vapor and gas density in the bulk at the bulk vapor/gas temperature.

The heat flux due to mass flux,gthen, is

q"v = hmhfgbpvblnE)_E| . (4.2-49)

The value of the mass transfer coefficient, Is the maximum value predicted from a laminar forced
convection correlation, a turbulent forced convection correlation, and a natural convection correlation. For
turbulent vapor/gas flow, the mass transfer coefficient is obtained from the GiffifAdorrelation

Sh = 0.023 RE®) (S (4.2-50)
where
h..D
Sh = Sherwood number =—
vn
— leb|Vg| D
Re, = vapor/gas Reynolds number=——=—
mb
Sc = Schmidt number =Fmb_
mevn
D = hydraulic diameter
Dyn = mass diffusivity
Mmb = combined vapor and gas viscosity in the bulk.

For laminar flow, the mass transfer coefficient is derived from the Rohsenowt€féheat transfer
correlation
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=40 . (4.2-51)

The correlation used for natural convection is the Churchill-Chu correfafiSeast in mass transfer
terms

O [f
O , O
g 0387 Ray)® O
Nu.p = [0.825+ 281 Rap) 0 (4.2-52)
O 2570
E |:1 . ﬂ)-492]16:|27g
O O
0 SC 0
where
NULD = th/DVI’]
Rap = Rayleigh number= Gpg * Sc
Gnp = Grashof number
_ Prod| P~ Pt L
p'zmbpmw
Pmw = combined vapor and gas density at the wall temperature.

A thermodynamic property table call determines the vapor/gas density and partial pressure based on
the wall temperature. The mixture density at the wall is the sum of the vapor and gas densities at the wall.
Gas density is found from the perfect gas equation.

The mass diffusivity of noncondensable gas in the vapor is calculated using the equation of Fuller,
Scettler, and Gidding<61

1

11,1
D,,=0 010132=DV|V M.
vn : ~ 1 1.2
PlL(E)°+ (&)’

1
[F-175
0T
(4.2-53)

where
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M, = molecular weight of vapor

M, = molecular weight of noncondensable

Tg = bulk vapor/gas temperature

€y = atomic diffusion volume of vapor

€n = atomic diffusion volume of noncondensable.

The atomic diffusion volumeg, values for different gases and liquids are giveR&ference 4.2-63

The heat flux from the liquid film to the wall is calculated by
q"I = hc(Tvi _TW) (4'2'54)

where

Tyi = TsofP,i) saturation temperature corresponding to the interface vapor pressure
(same as §; in Figure 4.2-13.

The condensation heat transfer coefficieny, i calculated based on the correlations given in the
previous section. Once a liquid-vapor/gas interface partial pressure is assumed, the corresppmsling T
known, and the energy balance equation can be checked by

a =q', (4.2-55)
or
_Pip
pQU
he(Tvi=Tw) = AnhigoPypING—5-0 (4.2-56)
_ vl
pU

The initial guess for the interface pressure is the saturation pressure based on the wall temperature.

An iteratiorf-2"%1is used to find the interfacial pressure that satisfies Equation (4.2-56). If convergence is
not obtained after 20 iterations, liquid convection heat transfer (mode 2) is used insteBij(seet.2-3.

4.2.3.6.4 Geometry 101, Condensation with Noncondensable Model as Coded-- The
model is coded as presented.
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4.2.3.6.5 Geometry 101, Horizontal Condensation Model Basis-- Chato developed a

modificatiorf2"%*to the Nusseft?-13formulation which applies to laminar condensation on the inside of a
horizontal tube. It is assumed that the liquid film collects on the upper surfaces, drains to the tube bottom,
and collects with negligible vapor/gas shear. The condensate drains out one end because of a hydraulic
gradient.

The correlation takes the form

1

n = S @250
where

ks = liquid conductivity

Mg = liquid viscosity

Pt = liquid density

g = gravitational constant

Prgp = hrgsa{Pyb) = vapor minus liquid saturation specific enthalpy based on the vapor

partial pressure in the bulk
Pub = vapor partial pressure in the bulk
Tsppb = saturation temperature based on vapor partial pressure in the bulk.

The F term corrects for the liquid level in the tube bottom with the form
= H-—F . (4.2-58)

The angle @ corresponds to the angle subtended from the tube center to the chord forming the liquid
level. The values folr' range in magnitude upward from 0.725, whére=Zero. F corrects for the

condensing area fraction as well as the heat transfer coefficient. The development b‘iﬂcf’r‘imdicates
that a value of 0.296 for F is an average value appropriate for free flow from a horizontal tube, with the
liquid level controlled by the critical depth at the exit.

The angle & changes if the tube drains because of inclination or fills up because of a pressure
gradient. The angle is determined from
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_® —0.5sin20

a
f Tt

(4.2-59)

The development determined that for the parameter range of concern the bottom liquid layer was in
laminar flow. The analytical work indicates that the heat transfer through the bottom layer was less than
2.5% of the total for angles of® between 90 and 170 degrees and was therefore neglected in the
correlation. Chato suggests a mean value of F = 0.296 which correspdndsl20 degrees.

Data were taken for the conditions as follows:

. Tube material copper

. Tube length 0.718 m

. Tube ID 1.45cm

. Fluid refrigerant 113

. Tube inclination 0 to 37 degrees
. vapor/gas inlet Re 0 to 35,000.

The bulk of data points were within +8 to -16% of the correlation for level flow. The correlation was
tested to an inclined angle of about 37 degrees with reasonable results. It is not valid for vertical flow.

4.2.3.6.6 Geometry 101, Horizontal Condensation Model as Coded-- The model in the
code is Equation (4.2-57), with F = 0.296.

The correlation form is not strictly valid for superheated vapor/gas. The heat capacity between the

actual and saturated temperature must be accounted for, as illustrated b)?"ﬁﬁl?dme solution form
including the superheat effect is much more complex, but the change in h may be less than the uncertainty
of the basic correlation.

Experiments indicate that the h value can be 40 to 50% too low. The increased heat transfer (from the
experiments) is attributed to vapor/gas velocity and ripples changing the film thickness, or turbulence.

Collier*2“*8recommends that the computed value be increased by 20%.

The correlation is valid only after a film has been established, but when the wall is bare, some
coefficient must be applied to get a film started. The correlation is valid only for a laminar film.

4.2.4 Geometry 102, Correlations for Vertical Parallel Plates

Only those regimes that use different heat transfer coefficient correlations than Geometry 101 are
discussed.

ORNL has had special correlations put into RELAP5%3[or their Advanced Neutron Source
(ANS) reactor design. The correlations are activated by a user flag. The ANS core design has parallel
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plates with an aspect ratio of 68.4%:2 New correlations were implemented for laminar, natural, and
turbulent convection, and for CHF. As with Geometry 101, the maximum of laminar, natural, and
turbulent convection is used as the resultant convection correlation.

4.2.4.1 Geometry 102, Turbulent Forced Convection Model Basis. During liquid turbulent

forced convection, the Petukho®™ correlation is used in place of the Dittus-Boelter correlation for all
cases including nucleate boiling. The correlation is

“ A1
i Re x Pr,He D—fgo

O
Nu = 8 Hue . (4.2-60)

(1. +34f)+%1.17+ EfDOS Evrfg—l.c%

PBD

Pr is the Prandtl number, and the subscript f represents liquid properties. The subscript ws on the
viscosity means that the viscosity is evaluated at the minimum of the wall and the saturation temperature.
The correlation is mainly from air or water data, with Re = 9,000-35,0000. The Darcy-Weisbach friction

factor, f, comes from the Filonertké%®expression:

1.0875- 0.112%%'%

f = - (4.2-61)
(1.82 log, Re —1.64)

where
Gap = distance between the side walls (short length, pitch)
S = span (distance from one end wall to the other, long length).

During turbulent vapor/gas forced convection, the Dittus-Boelter correlation is still used.

4.2.4.2 Geometry 102, Turbulent Forced Convection Model as Coded. The model is
coded as shown above.

4.2.4.3 Geometry 102, Laminar Forced Convection Model Basis. The ORNL laminar
forced convection correlation froReference 4.2-2s

Nu = 7.63 . (4.2-62)

4.2.4.4 Geometry 102, Laminar Forced Convection Model as Coded. The model is coded
as shown.
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4.2.4.5 Geometry 102, Natural Convection Model Basis. With geometry 102, the
Elenbaa$?8correlation is used, and it is given by

Nu = R Tal_% (4.2-63)
where
Ra = Rayleigh number Gre Pr
Gr = Grashof number defined by Equation (4.2-6), with the plate spacing for the
length term
Gap = distance between plates (short length, pitch)
L = plate length in the direction of flow.

The length is read into RELAP5-3D on the heat slab 1CCCG801 through 1CCCG899 and
1CCCG901 through 1CCCG999 cards, and the spacing is read in by

1. Setting b=2 in the volume control flag to obtain ORNL ANS narrow channel interphase
friction. This is on the CCC1001 through CCC1009 cards for pipes and the CCC0101
through CCCO0109 cards for single-volumes and branches.

2. Setting the gap (pitch) as Word 1 and the span as Word 2 on the CCC3101 through
CCC3199 cards for pipes and the CCC0111 card for single-volumes and branches.

4.2.4.6 Geometry 102, Natural Convection Model as Coded.  The model is coded as shown.
RELAP5/MOD2 and early versions of RELAP5-8D compared the Grashof number with the Reynolds
number squared to decide whether or not natural convection was appropriate. This criteria results in
discontinuities in the heat transfer coefficient. By using the maximum of the forced turbulent, forced
laminar, and free convection coefficients [see Equation (4.2-2)], there are no discontinuities in the
coefficient.

4.2.4.7 Geometry 102, CHF Model Basis. The normal RELAP5-38 critical heat flux (CHF)
calculation using the Groeneveld table is used for plate type fuel adjacent to narrow channels for
medium/low flow conditions and the Gambill-Weatherhead model is used for plate type fuel adjacent to

narrow channels for high flow conditions. The Gambill-Weatherhead rfiédef2-%8 makes use of the
following equations:

A"chr = Q"pooLt Q"conv (4.2-64)
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(Pr—pg)1>%® O [PfDO'75 M sa— T 0
q" = 0.18h,p,* [og- —9} . [ﬂ.+[ — e Cipme }D (4.2-65)
POOL gFg ps i q)gD P[] 9-8hfg 0 0
n kf
9'conv = gNu« (Ty, =Ty (4.2-66)
q" 0.25
T, = [47.7— 0.127 ( T,~273.16] « -SHEl 1 (4.2-67)

[B154.6]

where
Nu is the Nusselt number defined by Petuld%[Equation (4.2-60)].

If the mass flux is less than 7,500, the normal RELAP5235roeneveld CHF table value is used,
and if the mass flux is greater than 10,000 k@/sm the Gambill-Weatherhead CHF (set of Equations
(4.2-64) through (4.2-67) is solved iteratively) is used. For mass flux values between 7,5G0skai
10,000 kg/rﬁ-s , linear interpolation yields the CHF value.

The ORNL database and Gambill-Weatherhead correlation are designed to be used under subcooled

conditions.  Therefore, ORNL decided to have RELAP5@3Dorint a warning message when the
subcooling is less than 8 degrees Kelvin. The message says “Blue Flag from CHFCAL Subroutine,” and
the value of the subcooling and mass flux are printed. If the quality is positive, the message says “Red Flag
from CHFCAL Subroutine,” and the value of the quality and mass flux are printed.

4.2.4.8 Geometry 102, CHF Model as Coded. The model is coded as shown.

4.2.5 Geometry 103, Correlations for Vertical Infinite Parallel Plates

No RELAP5-30f coding changes have been made for this geometry. Refer to Geometry 102.
When this geometry is implemented in the code, the laminar flow Nusselt number for uniform heat flux

should be set to 8.23° For a constant wall temperature boundary condition, the Nusselt number is
7.54, but uniform heat flux is generally a more useful boundary condition for reactor simulation.

4.2.6 Geometry 104, Correlations for Single Vertical Wall

Refer to Geometry 101. This is the geometry to which the Churchill-Chu natural convection
correlation applies.

4.2.7 Geometry 105, 106, 107, Correlations for Vertical Annuli

Currently, annuli are treated as pipes. Refer to Geometry 101. Annuli have some correlations
available that are different from pipe correlations. Laminar flow is one of these situations. As identified by
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Reynolds, Lundburg, and McCuefi Othere are four “fundamental solutions” for laminar heat transfer in
an annulus:

. Fundamental solution of the first kind
- Wall 1: step change in temperature
- Wall 2: maintained at inlet temperature
. Fundamental solution of the second kind
- Wall 1: step change in heat flux
- Wall 2: insulated
. Fundamental solution of the third kind
- Wall 1: step change in temperature
- Wall 2: insulated
. Fundamental solution of the fourth kind
- Wall 1: step change in heat flux
- Wall 2: maintained at inlet temperature.

Since wall 1 can be either the inner wall or the outer wall, there are a total of eight sets of boundary
conditions. In cases of single-phase flow with constant thermodynamic properties, superposition of results
from the fundamental solutions may be used to obtain results for other boundary conditions. The fully
developed Nusselt number for fundamental solution number 2 is probably of most interest for
RELAP5-30° .

4.2.8 Geometry 108, Correlations for Single Vertical Rod

Refer to the Geometry 101.

4.2.9 Geometry 109, Correlations for Vertical Single Rod with Crossflow

Refer to the Geometry 101.

4.2.10 Geometry 110, Correlations for Vertical Bundles with In-Line Rods, Parallel Flow
Only

4.2.10.1 Geometry 110, Parallel Flow Model Basis. The correlations for this geometry differs
from Geometry 101 only in the implementation of a turbulent flow multiplier developed by Inaf/ateV,
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based on the rod pitch to rod diameter ratio. Inayatov correlated data for 4 in-line and 30 staggered tube
bundles in air, water and superheated vapor/gas with pitch-to-diameter ratios between 1.1 and 1.5. He
recommends that the McAdams coefficient (0.023) to the Dittus-Boelter equation be replaced by C:

— 1P2[?'5
C = 0.02 T2 0 (4.2-68)

where R and B are the “pitches of the tubes in the bundle” and D is the tube diameter. If the bundle
consists of in-line tubes on a square pitch or staggered tubes on an equilateral triangle pitch, C becomes

C= %’3 . (4.2-69)

P
D

RELAPS5 predictions of once-through steam generator data. The Inayatov formulation has a broader data
base than Weisman’s form. The largest pitch/diameter ratio in Weisman'’s data is about 1.27.

Morgan and Hass4rf"tused a= multiplier developed by Weisnf#1*° and showed improved

4.2.10.2 Geometry 110, Parallel Flow Model as Coded. The Inayatov equation is
implemented in RELAP5-3B . The g multiplier is used in both forced turbulent convection and
nucleate boiling. The pitch-to-diameter ratio for bundles is input as Word 10 on the 1CCCG801 through
1CCCG899 and 1CCCG901 through 1CCCG999 cards. A warning message is printed during input

processing ifg is input greater than 1.6. The tegm is then reset to 156 If is not entered, or less than

1.1, a default value of 1.1 is used and a warning message is printed.

Forced laminar and natural (free) convection correlations specifically for vertical bundles have not
been implemented into RELAP5-8D. This is an area where more investigation is needed.

4.2.11 Geometry 111, Correlations for Vertical Bundles with In-Line Rods, Parallel Flow
and Crossflow

Users can chose which flow direction is the dominant direction parallel to the tubes on Word 1 of
cards 1CCCG501 through 1CCCG599 or 1CCCG601 through 1CCCG699. The form of Word 1 is
CCCXXO000F for one-dimensional and CCCXYYZZF for multi-dimensional components, where F is the
direction parallel to the tubes. If F is O or 4, the x-direction is the parallel direction. If F is 2 or 1, the
parallel direction is the y- or z-direction, respectively. An input error ocduasli or 2 ischosen and the
directions have not been activated with hydraulic input.

4.2.11.1 Geometry 111, Crossflow Model Basis.  With these geometries, the heat transfer
coefficient is the average coefficient caused by flow parallel to the tubes and flow perpendicular to the
tubes. The method of averaging uses the square root of the sum of the squares in order to weight the
answers more toward the larger of the two values:

4-123 INEEL-EXT-98-00834-V4



RELAP5-3D/1.3a

5

0.
h = (hrzaarallel+ hgross) (42'70)
where
Noarallel = heat transfer coefficient from a call to subroutine DITTUS using the parallel
mass flux shown iffable 4.2-9
DITTUS = a subroutine that outputs the maximum of forced turbulent, forced laminar
convection, and natural convection as previously discussed.
Neross = crossflow heat transfer coefficient from Equation (4.2-71) developed by
Shah*2°
O DoDO'62 0.4
NUgoss = 0'21DGED Pr (4.2-71)
where
Nu = Nusselt Number
Do = tube outer diameter
i = liquid viscosity
Pr = Prandtl number
G = crossflow mass flux shown fable 4.2-10at minimum area.

The sum of the squares method of Equation (4.2-70) has been suggested by Kufatefadze.

4.2.11.2 Geometry 111, Crossflow Model as Coded. The only nonstandard RELAP5-5D
parameter is the mass flow at the minimum area. To obtain G at the minimum area for the above equation,
the code’s volume average value frarable 4.2-10is multiplied times the area ratio of volume average
area divided by the gap area
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TP
. 40p0
Aratio = o (4.2-72)
1°p
Table 4.2-9Mass flux values for geometry 111.
Bundle is
aligned with G for Nparaliel G for heross
X-axis G, (Gy2 +G,2)05
y-axis G (G, 2+G,2)05
z-asis G (G,2 +Gy2)0-5
This equation is derived by setting the average area to
2
A = Yolume _ (4.2-73)

Length P

where Length = P because it is desired to derive the average area in the crossflow direction, and the gap
area to

Agap=(P-D)Z (4.2-74)
where

P = rod pitch

D = rod diameter

4 = length along the rods.

Inayatov’s enhancement coefficients are applied to the parallel flow heat transfer coefficient before it
is added to the crossflow value. The macroscopic part of the Chen correlation is increased by the Inayatov
coefficient as well as the single-phase forced-flow coefficient.

The existing Groeneveld table lookup method is used for the critical heat flux with the mass flux
from the parallel direction.

4-125 INEEL-EXT-98-00834-V4



RELAP5-3D/1.3a

4.2.12 Geometry 112-113, Correlations for Vertical Bundles with Staggered Rods
Geometry 112 defaults to Geometry 110, and Geometry 113 defaults to Geometry 111.
4.2.13 Geometry 114, Correlations for Helical Pipe
Refer to the Geometry 101. Flow inside helical pipes is not considered.
4.2.14 Geometry 121, 122, 123, Correlations for Horizontal Annuli

Refer to Geometry 130. When this Geometry is implemented, stratification can drive the surfaces out
of nucleate boiling easier than it does with vertical surfaces.

4.2.15 Geometry 124, Correlations for Horizontal Bundle (CANDU)

The CANDU reactor core has horizontal fuel rods in horizontal pipes. No coding specific to CANDU
reactors has been implemented.

4.2.16 Geometry 130, Correlations for Horizontal Plate Above Fluid

There is one correlation in the code specifically for a horizontal plate with natural convection. The
correlation is for energy flow in the direction of gravity. Since the correlation for energy up-flow is not in
the code, the code does not check the direction of energy flow. For condensation, the code uses a value of

F = 0.296 in Equation (4.1-55), as suggested by CA&t8* A multiplier, k6, is applied to the CHF value
from the Groeneveld table.

4.2.16.1 Geometry 130, Correlations for Natural Convection Model Basis. The
following McAdam$-2"" natural convection correlation is used:

Nu, = 0.27R&*® for 10°<Rg <10 . (4.2-75)

This same correlation is used for Geometry 101 and is based on flat plate data. Incropera and
DeWitt4'2'37suggest length = surface area/perimeter for the McAdams correlation. The Rayleigh number

range for Equation (4.2-75) is betweerPEnd 16%and is applicable when the direction of energy transfer

is in the direction of the gravity vector, i.e., the lower surface of a heated plate or the upper surface of a
cooled plate. This yields considerably smaller coefficients than the McAdams correlation for energy flow
upward, as shown ifigure 4.2-16 Also shown are the Churchill-Chu values. The McAdams correlation
for energy upflow is

Nu,

0.54R&* for10'<Ra > 10’ (4.2-76)

Nu, = 0.15R&*® for10'<Rg >10" . (4.2-77)
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Natural convection

1,000

s—=aA McAdams energy upflow
&—=o McAdams energy downflow
| == Churchill-Chu vertical plate

100

Nusselt number

10

100 100 1P 10° 100

Rayleigh number

Figure 4.2-16Natural convection correlation comparison.

4.2.16.2 Geometry 130, Natural Convection Model as Coded. The model is coded as
shown.

4.2.17 Geometry 131, Correlations for Horizontal Plate Below Fluid
This Geometry defaults to Geometry 130.
4.2.18 Geometry 132, Correlations for Horizontal Single Tube
This Geometry defaults to Geometry 130.
4.2.19 Geometry 133, Correlations for Horizontal Single Tube with Crossflow

This Geometry defaults to Geometry 130. The only crossflow logic that has been implemented is for
bundles.

4.2.20 Geometry 134, Correlations for Horizontal Bundles with In-Line Rods or Tubes,
Crossflow and Parallel FLow

Calculating the performance of horizontal tube bundles is important in some heat exchangers such as
condensers and feedwater heaters.
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This geometry differs from Geometry 101 only in the nucleate boiling, CHF, and natural convection
correlations. No changes are planned for the condensation, transition boiling, or film boiling regimes.

Khalil*2-"3and Palen, Yarden, and Tabofek’*found reasonable agreement with their horizontal bundle
film boiling data and the Bromley correlation in RELAP5%D

An illustration fromReference 4.2-74seeFigure 4.2-17 shows the horizontal bundle boiling curve
is shifted to the left compared to a single horizontal tube. The peak is also lowered. These curves are based
on a “common hydrocarbon liquid.”

Single tube vs. bundle

1.00 1 T T a
T o Horizontal bundle data ]
| — Horizontal tube prediction )
T | |
=
=
< 0.10 | .
3 - ]
© r 7
()
T L il
1 10 100 1000

Wall superheat (K)

Figure 4.2-17Boiling curve for horizontal tubefRgference 4.2-71

There are considerable difficulties in obtaining best-estimate heat transfer coefficients and critical
heat flux values for horizontal bundleéEable 4.2-10shows the range of some of the available data. Very

few water data are available. Palen and Sfrfal® were studying reboiler applications in the petroleum
industry; Slesarenko, Rudakova, and Zakh&r5{® were interested in desalinization evaporators; and
Polley, Ralston, and Grdlt ™1 performed experiments for the United Kingdom Department of Industry.

Table 4.2-10Horizontal bundle data sources .

Variable Palen and Small Slesarenko, Polley,
Rudakova, and | Ralston, and
Zakharov Grant
Pressure (MPa) 0.25-0.69 0.006 - 0.101 0.101
Mass flux (kg/m-s) ? ? 90 - 450
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Variable Palen and Small Slesarenko, Polley,
Rudakova, and | Ralston, and
Zakharov Grant
Heat flux (MW/n?) 0.003 - 0.59 0.022 - 0.135 0.01-0.06
Quality ? ? 0-0.17
Pitch/diameter 1.25-2.0 1.25-2.0 1.244
Tube diameter (m) 0.019 - 0.0254 0.018 0.0254
Tube layout triangular, square, and ? square
rotated square
Bundle diameter (m) 05-13 (6 rows) (6 rows)
Liquid subcooling (K) 7.8-30.5 ? 0
Fluids hydrocarbons water R113
Tube material carbon steel MZS copper stainless

Cornwell, Duffin, and Schullef;>’” Cornwell and Schullef;?"® Nakajima®#2’® Chan and
Shoukri#2-8%Leong and Cornwett:281 Brisbane, Grant, and Whallé{?8%and Slesarenko, Rudakova,
and Zakharo%2-"6show that the heat transfer coefficient increases with increasing vertical position in the
bundle. Bubbles from below cause increased turbulence higher in the bundle. Average bundle heat transfer

coefficients can be several times larger than single-tube coefficleigige 4.2-18shows lines of constant
heat transfer coefficient from kettle reboiler data taken by Leong and Cornwell. However, Palen and

Smalft275

show that the critical heat flux decreases as the bundle height increases.

4.2.20.1 Geometry 134, Horizontal Tube Bundles Nucleate Boiling Model Basis. A
literature search has shown several possibilities. Polley, Ralston, and Grant tested a 36-tube horizontal
bundle with vertical flow in refrigerant 113 and recommend an equation like the Chen equation on the

outside of the tubes.

h = Shy+ Fh (4.2-78)
where

o = pool boiling heat transfer coefficient

htc = forced convection heat transfer coefficient

S = suppression factor

F = two phase multiplier.

For horizontal bundles under investigation, they say,
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Reboiler tank 241 Tube bundle outline

Figure 4.2-18lso-heat transfer coefficient lines from Leong and Cornwell reboiler (I@W])n
“However, S may not be a suppression factor.”

In other words, convection may not suppress nucleate boiling in a horizontal bundle. They further
say,

“In the case of forced flow boiling in tube bundles we do not have
sufficient information to provide any means of evaluating the factor S.
Until such information is available we shall assume a value of unity.”

The authors also say that the F factor cannot be obtained in the same manner Chen used because the
pressure loss is dominated by form loss instead of wall friction. They assume that the liquid flowing
through the gap between the tubes does so as a film on the tubes. They further assume that the ratio of the
two-phase heat transfer coefficient to the single-phase coefficient is inversely proportional to the ratio of
the liquid volumetric flow to the total volumetric flow. Thin films have less resistance to energy transfer
than thick films. They finally assume a 1/7 power velocity profile in the films and arrive at

744
h = hy+h _10[ Eo (4.2-79)
g
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where
hy = single-phase liquid heat transfer coefficient
Og = local void fraction.

The liquid i was evaluated using an ESDU (Engineering Science Data Unit, London, 1973)
equation:

Nu, = 0.211R&%'PP*F, (4.2-80)

where

Re Reynolds humber based on the liquid velocity in the gap between the tubes

Pr liquid Prandtl number

Fa a factor that depends on which row the tube of interest is in.

The authors report that for the upper tubes (row 6) in their experimgent1 6.

The Heat Transfer and Fluid Service Handbook (HTFS) insert BM13 presents a 1969 ESDU
crossflow correlation for a single horizontal tube as

exp[— 0.186+ 0.338 In Re+ 0.362 In Pr
Nu, = ) , (4.2-81)
+0.0131 In R&*—0.0092§ In Py’] .

Figure 4.2-19shows three crossflow correlations along with the Dittus-Boelter equation. The line
marked ESDU bundle is from Equation (4.2-80) with #1, and the line marked ESDU tube is from

Equation (4.2-81).

Polley, Ralston, and Grant used the following Volosh&&® correlation for pool boiling, which is
given by

Nug = 0.236 Kp-588pd-706 (4.2-82)

where

Nug = T(—'- (4.2-83)
f
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Single-phase crossflow heat transfer
P=.1MPa, D=0.025m

100,000

&—o Dittus Boelter |
=& Shah
~—A ESDU bundle

—+——+ ESDU tube

10,000

1,000

100

Heat transfer coefficient (W/AK)

100 1,000 10,000 100,000 1,000,000

Reynolds number

Figure 4.2-19Liquid crossflow correlations compared to Dittus-Boelter.

ks = liquid thermal conductivity
0.5

S " sl

9(pr —Pg)
o = surface tension
« = L (igPg)”

prprsptG

hrg = vapor minus liquid saturated specific enthalpy
Cot = liquid specific heat
Pe — q"CypsL '

hfgkfpg

All the Polley-Ralston-Grant data agree within 30% of Equation (4.2-79), and 310 of their 330 points
agree within 20%.
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The problem with using the Voloshko correlation in RELAP593Dis that it was developed
specifically for pool boiling of refrigerant 113 on a stainless steel surfaiggire 4.2-20shows data from
the bundles of Slesarenko, Rudakova, and Zakharov and Polley, Ralston, and Grant. The former tested

with water and the later used refrigerant 113. RELAP523@loes not have freon fluid properties. Even
though the Voloshko correlation was evaluated with water properties, it agrees with the freon data from the
top tube in the Polley-Ralston-Grant experiment. No data were reported for the bottom row (Row 1).

Boiling heat flux
P=1 Bar, G=95 kg/fs

—o Chen '

v—~v Forster-Zuber

o—o Rohsenow

~—a Voloshko

*—x Polley-freon-data-row 6
<4—< Slesarenko-water-data-row 1y

y
>—— Slesarenko-water-data-row

0.3

©
(V)

Heat flux (MW/n?)

o
=

0.0 p—F——+
0 10 20

Wall superheat (K)

Figure 4.2-20Horizontal bundle data and correlations.

The Rohseno??2pool boiling equation is

0.5
2

3
hoy = 455100 ot 9P~ pg)} AT
pb ) D’lngI’?'l o sup

(4.2-84)

4-133 INEEL-EXT-98-00834-V4



RELAP5-3D/1.3a

where
s = liquid viscosity
Cpt = liquid specific heat at constant pressure
hrg = saturated enthalpy difference between vapor and liquid
Pr = liquid Prandtl number
g = gravitational constant
Ap = liquid- vapor/gas density difference
ATgyp = wall superheat (5 - Tspy-

The coefficient 4.55 x 1Dis Et:ig , Wwhere G is a Rohsenow parameter, which depends on the
sf
surface material and liquid type. Rohsenow lists three surfaces on which data were taken with boiling
water, copper, platinum, and brass. The reportgdc@efficient for the first two materials is 0.013; for

brass it is 0.006. The former value is used here. The Rohsenow prediction will cross the Forster-Zuber
prediction at larger wall superheats.

Based orFigure 4.2-20results, it appears unwise to strictly follow the Polley-Ralston-Grant method
developed for freon to predict light water reactors. However, the void fraction effect may be acceptable for
predicting bundles submerged in liquid. Since the void fraction increases in the vertical direction, Equation
(4.2-79) predicts increased heat transfer at the top of the bundle compared to the bottom. Although
Polley-Ralston-Grant propose the void fraction weighted convection term, they do not report void fraction
profiles.

Shaﬁ"z'84developed a correlation for horizontal bundles but says it has only been verified up to a
Prandtl number of 0.051. Water has a Prandtl number in the range of 1 to 10. He recommends the

superposition method of Kutateladza’%for higher Prandtl numbers, which is given by

_ 2 2 ATsudf 0
h = [hpb +hiHL+ AT_SU,,D} (4.2-85)
where
ATgyy = liquid subcooling relative to saturation.

Equation (4.2-85) will yield the effect of subcooling on the convection term, but if used as is it would
predict decreasing heat transfer with increasing elevation. Equation (4.2-79) will yield increasing heat
transfer with increasing elevation but does not have an explicit subcooling term.
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4.2.20.2 Geometry 134, Horizontal Tube Bundles Nucleate Boiling Model as Coded.

Finally, Equation (4.2-79) was coded with Forster-Zdtf&t®for pool boiling, and the subcooling effect is
obtained by using the liquid temperature as the reference temperature for the forced convection part of
Equation (4.2-79), just as is done on the Chen correlation for other surfaces. Equation (4.2-80) without the
F4 factor is used for the liquid convection term.

Later, if assessment using the Polley-Ralston-Grant method proves unsatisfactory, the Nakajima
approach will be examined, which is given by

Q" = 0gQ"%im + (1-0g)q"p (4.2-86)
where

Og = vapor/gas void fraction

9"fiim = heat flux across the thin film of liquid on the tubes

q"pb = pool boiling heat flux on a single tube.

The film referred to consists of water wetting the heated tubes in a two-phase upflow environment.

4.2.20.3 Geometry 134, Horizontal Tube Bundles CHF Model Basis. The critical heat flux
on horizontal bundles can be similar to a single tube at the bottom of the bundle. At the top of the bundle,
the tubes can beconuirculation limitedif their liquid is being supplied from below, dlooding limitedif
their water is supplied from above.

Cumo et af*?85performed a forced convection experiment using a nine-rod horizontal bundle and
found that CHF did not degrade with increasing fluid quality. However, the Palen-Small data are from
natural circulation experiments with large diameter bundles and represent reactor heat exchanges better

than the Cumo data. SHx#%Ccorrelated the Palen-Small data to obtain

D .975
CHFpungie = CHprG-ZEhD:NEO (4.2-87)
where
CHRyp = pool boiling critical heat flux for a single tube
Dg = bundle diameter
Do = outer tube diameter
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N = number of tubes.

Increasing the tube density for a given heat flux would raise the bundle average quality, yet the
equation predicts a decrease in bundle critical heat flux.

The Zube?2-®correlation for the pool boiling CHF developed for a flat plate is

CHFyp = Kiyg [0g (0 - pg)]*2°pg”° (4.2-88)
where

K = hydrodynamic boiling stability number

o = liquid surface tension

g = gravitational constant

hrg = difference between saturated vapor and saturated liquid enthalpy.

The value of K suggested by Zuberiig 24=0.13 . KutateldtZ8' independently developed the
same equation and recommended K = 0.16; Rohskfidrecommends K = 0.18.

Sun and Lienhaft?®8 extended this correlation to a horizontal cylinder by using a multiplier that
depends on a radius factor, which is given by

Mul = 089+ 2.27exp- 3.44R) for 0.15< R's 3.47

(4.2-89)
0.89 for R'> 3.47
where
. R
R' = ﬁ (4.2-90)
[g(pf—pg)}
R = tube outer radius.

R' is about 3.8 for a 2 cm tube; therefore, the reduction from a flat plate to a tube of this size is 11%.

Hassan, Eichorn and Lienh&r&® studied CHF during vertical crossflow over a horizontal heated
cylinder and found that an unheated cylinder directly in front of the heated cylinder reduced CHF to as low
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as 10% of the single cylinder value. If the pitch to diameter r%io was larger than 4 the unheated

cylinder had no effect. Sh&fCcorrelated the data betweeraga of 2.1 and 3.8 with

CHF = hgpgpmvf[2.58%%—4.l3:| . (4.2-91)

The term yis the free stream liquid velocity.

The important factor causing bundle CHF is liquid starvation. When the escaping vapor/gas occupies
too much of the space between tubes, nucleate boiling can no longer be supported on the upper tubes.

Folkin and Goldbery?°1bubbled air across tubes in a pool of water to simulate boiling and report that
CHFbundIe = CHFtube(l_ 1-17519) (42-92)

wherea is the void fraction around the heated tube. According to this correlation, the bundle CHF is zero
at a void fraction of 0.851. The pressure, temperature, and flow enter the correlation implicitly through the
void fraction.

Crossflow is used for surfaces in one-dimensional cells with crossflow and in multi-dimensional
cells in the correlations. The mass flux values used are showahte 4.2-11 In one-dimensional cells
without crossflow, the parallel mass flux is used in the correlations with the assumption that the bundle is
at right angles to the flow direction.

Table 4.2-11Mass flux values for geometry 134.

Bundle is aligned
with J G for hparallel G for heyoss
X-axis G}( (GZ + Gz)O.S
y z
y-axis G (G2+G))°
z-axis G (G2 + G2)0.5
X y

4.2.20.4 Geometry 134, Horizontal Tube Bundles CHF Model as Coded. The Shah
correlation of the Palen and Small data was not implemented because it was developed for design rather
than best estimate. The Shah correlation is more of a criterion to prevent CHF on any of the tubes. It does
not give users the capability to nodalize horizontal bundles in the vertical direction and obtain nucleate
boiling on the bottom tubes and film boiling on the top tubes. Equation (4.2-92) was implemented in

RELAP5-30° without the Sun-Lienhard extension of the Zuber correlation for a single tube. Folkin and
Goldberg used Equation (4.2-88) wiK = 0.14. The coding follows Folkin and Goldberg. Equation
(4.2-79) predicts an increasing heat flux with an increasing void fraction during nucleate boiling, but
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Equation (4.2-92) predicts a decreasing CHF with a void fraction. Film or transition boiling will be
predicted by RELAP5-3B when the two equations cross.

Three researchers report a subcooling effect on CHF. Two of them are in the form

To=T
Fsub= 1+ %Q[W} . (4.2-93)
g g

lvey and Morri§?92 give a value of m and n of 0.1 and 0.75, respectively, whereas

Kutateladz&2°3gives values of 0.065 and 0.8.

A similar factor was developed by Zuber, Tribus, and Westg@fwhich is given by

% 32L%%(p;Cyik)*® E
f
Fsub= 1+ gc(pf o) 0125%(Tspt-Tf) (4.2-94)
P |
where
_ 0.5
L = [g—(pfo pg)} . (4.2-95)

Figure 4.2-21compares these two equations at two pressures. At 100 K subcooling and 0.1 MPa, the
later equation is higher by about 8%. Since this is smaller than the uncertainties involved, the computer
time savings is defensible. Since the two equations give similar results, the simplest one has been
implemented. The final equation for CHF in horizontal bundles is

CHFpundle = CHFRype (1 - 1.1781g) Fsub (4.2-96)

where Fsub is determined from Equation (4.2-93), (with Ivey and Morris constants), ang gtitfes a K
factor [in Equation (4.2-88)] of 0.14 as recommended by Folkin and Goldberg.

The textbook by Caré'yz'gsevaluates Equation (4.2-88) at saturation conditions before applying the
subcooling factor. This appears logical but the other literature is not clear on this point. A check was made
to determine if additional calls to the thermodynamic property tables could be avoided by not using the
subcooling factor and by simply evaluating CHF at the local temperdtigare 4.2-22is a result of this
investigation. At low pressure, the CHF with liquid properties evaluated at the liquid temperature only
rises by about 7.5% between 0 and 100 K subcooling, but the multiplier at low pressure is 600% (see
Figure 4.2-21) over this same subcooling range. At high pressure, the CHF based on the liquid
temperature rises about 29%, but the high pressure subcooling multiplier only rises about 9%. The code
evaluates CHF at saturation conditions, and the subcooling multiplier is then applied.
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CHF multiplier for subcooling effect

o—-o lIvey-Morris 0.1MPa
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Figure 4.2-21Comparison of subcooled boiling factors for CHF.
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Figure 4.2-22Effect of property evaluation temperature on CHF.
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4.2.20.5 Geometry 134, Horizontal Tube Bundles Natural Convection Model Basis. No
correlation for horizontal bundles is known. A correlation by Churchill-Chu (from Incropera and

DeWitt4'2'37) for a long horizontal cylinder is employed where the pertinent length can be input by the
code user as a bundle diameter. The correlation is

1

0.387 Ra)®

[1 .\ [p.ssqjﬁT

Nu, = (4.2-97)

Rle

o v

Opr0d

[ o | | [ o [
o
+

This correlation is valid for Rayleigh numbers of1® 102

4.2.20.6 Geometry 134, Horizontal Tube Bundles Natural Convection Model as
Coded. The model is coded as presented above.

4.2.21 Geometry 135, Correlations for Horizontal Bundles with In-Line Rods or Tubes,
Crossflow Only

This geometry defaults to Geometry 134.

4.2.22 Geometry 136, Correlations for Horizontal Bundles with Staggered Rods or Tubes,
Crossflow and Parallel Flow

The geometry defaults to Geometry 134.

4.2.23 Geometry 137, Correlations for Horizontal Bundles with Staggered Rods or Tubes,
Crossflow Only

This geometry defaults to Geometry 134.

4.2.24 References
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4.2-3. F. W. Dittus and L. M. K. Boelter, “Heat Transfer in Automobile Radiators of the Tubular Type,”
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4.3 PG-CHF Correlations

RELAP5-30° users may activate a new set of CHF correlations which were developed by the

Nuclear Research Institute Rez in the Czech Repdiiit*3-2These correlations replace the “CHF Table
Look-up” method. They are activated by the user on the heat structure 1CCCG800 and 1CCCG801

through 1CCCG899 cards or 1CCCG900 and 1CCCGY01 through 1CCCG99%Tards.

The correlations are based on data in the Czech Republic data bank from 173 different sets of tube
data, 23 sets of annular data, and 153 sets of rod bundle Tatée 4.3-1 shows the range of the
experimental data.

Table 4.3-1Range of experimental data for development of the PG-CHF correlation.

Data base geometry Tube Rod bundle Annulus
Test geometries/Total points 173/9,547 153/7,616 23/713
Exit pressure p (MPa) (min/max) 0.26/17.95 0.28/18.73 6.89/6.89
Mass flux G (kg/rﬁs) 102.3/7491 34.1/7,478 189.87/6,74(
Inlet quality X -1.73/0. -1.14/0.44 -0.63/0
Local quality X -0.49/0.99 -0.34/1. -0.23/0.61
CHF (MW/n7) 0.07/7.0 0.12/6.0 0.49/8.96
Heated length L (m) 0.22/6.05 0.4/7.0 0.61/2.74
Equivalent diameter d (m) 0.00384/0.03747 0.00241/0.09813 0.00322/0.02223
Heated length/equivalent diameter L{d 20.06/756.25 12.29/1,422.36 36.9/584.5
Rod diameter D (m) - 0.005/0.01905  0.00952/0.09647
Pitch/Diameter t - 1.02/2.48 -
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Table 4.3-1Range of experimental data for development of the PG-CHF correlation. (Continued)

Data base geometry Tube Rod bundle Annulus
Test geometries/Total points 173/9,547 153/7,616 23/713
Peak/Average heat flux k 1.0/3.1 1.0/1.9 1.0/1.0
Maximum to radial average rod power - 1.0/1.95 -
ratio k

The correlation of the critical heat flux divided by the local heat flux, R, has the general form

(k1) (fg)f (P, G)f (P, X)

R = - (4.3-1)
F(P)(ATN) 1 (Q, G, hyg, X, X)F(P, G, g, Xi, X1)f (P, X3, Xy)

Another name for the ratio is the departure from nucleate boiling ratio (DNBR) used to evaluate
margins. However, this is a “loose” definition for the term since it can not be used to specify power
margins as will be explained below.

There are four different formulations of the correlations (basic, flux, geometry, and power) with
three different internal coefficient sets which are chosen by the user on Word 12 of the 1CCCG801
through 1CCCG899 or 1CCCG901 through 1CCCG999 cards. The “basic” form uses the local equilibrium
quality and the local heat flux. The “flux” form uses the local heat flux and the heated length including the
axial power peaking factor. The “geometry” form uses the local equilibrium quality and the heated length
including the axial power peaking factor. The “power” form comes from a heat balance method and can be
used to calculate the critical power ratio (CPR). When the first three forms are used, the resulting ratio
represents the departure from nucleate boiling ratio (DNBR).

Reference 4.3-4liscusses two type of methods to obtain the DNBR. They are the direct substitution
method (DSM) (also called the constant dryout quality approach) and the heat balance method (HBM)
(also called the constant inlet subcooling approach). The DSM uses the available thermal-hydraulic and
geometry information and predicts the DNBR at each point along the channel based on the input heat flux
at each point. This method is used in the “Table Lookup” approach as well as the first three PG-CHF
approaches. The HBM is more computer intensive because it uses iteration to adjust the power level so that
the local quality at the point in question is just equal to the critical quality. Then the channel total power is
the power which results in a critical heat flux at the point in question. The critical power ratio (CPR) is the
ratio of the power which first causes critical conditions to exist at any axial location divided by the
operating power. The DSM yields the correct CPR only when the DNBR is 1.0. The DNBR calculated by
the DSM are generally higher than those calculated by the HBM and are, therefore, of only relative value
when used to evaluate power margins. The “power” form of the PG-CHF correlations should be used when
a critical power ratio is desired.

The HBM generally yields better statistical agreement with data than does the DSM. The PG
correlations were assessed using the DSM on the Czech data base. Moreover, the PG correlations were

verified on Westinghouse (WEC) and Combustion Engineering (CE) rod bundle datd'5asgsatistical
results are shown ifiable 4.3-2 R is the mean value of R ang$s the standard deviation. These results

do not involve use of any favorable feedback from the rod bundle statistical error factor, fg, (described
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later), i.e., fg was set to 1.0. The rod bundle error statistics are based on an isolated (no crossflow)
subchannel model. The mean error and standard deviation are defined by

Table 4.3-2Statistical error analysis results of the PG correlations for five data bases.

Correlation type R/Sg (mean error value/standard deviation)
Basic form or flux form 1.001/0.056 | 0.998/0.052 0.987/0.081 0.947/0.06 1.021/0{08
or geometry form
Power form 1.003/0.103] 0.999/0.126  0.993/0.145  0.959/0.111  1.064/Q.258
Total points 9,547 713 7,616 2,485 4,689
Data base Czech Czech Czech WEC CE
Geometry Tube Annulus Rod-bundle-isolated subchannel
1 n
R = H_Z R, (4.3-2)
i=1
n 0.5
Se = |- § (R-R)’ (4.3-3)
R — n— 121 i .

Some RELAP5-35 users may model reactor cores which include radial crossflow and axial stacks
of heat slabs with differing hydraulic inlet cells. This type of modeling is more realistic than isolated
subchannel modeling for open lattice cores but the statistical errors will not apply under these conditions.

The documentation of the correlations can be best described in terms of user options. Word 12 on the
1CCCG801 through 1CCG899 or 1CCCG901 through 1CCCG999 cards is a two-digit word. The left digit
indicates one of four PG-CHF correlations as showmahle 4.3-3 The right digit specifies the geometry
type as shown iTable 4.3-4 Use of right digit values 4 and 5 for rod bundles is also possible but is not
discussed here.

Table 4.3-3User PG-CHF correlation form.

Correlation type

Subroutine name

Word 12 left digit

Basic form CHFPG 1
Flux form CHFPGF 2

Geometry form CHFPGG 3

Power form CHFPGP 4

4-149
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Table 4.3-4User PG-CHF geometry type.

Geometry type Wordd%Zitrlght
Tube 1
Internally heated annulus 2
Rod bundle 3

This two-digit word forms a key word known as kg in the subroutines and the equations presented
below. If the mass flux is in the range from -100 to +100 k&snthe value of 100 kg/fss is used in the
PG correlations and the final value of CHF is mass flux interpolated between the PG-CHF and the
modified Zuber value (the next section of reflood gives the Zuber expression). Use of the PG-CHF method
requires users to specify which volume is the bundle inlet volume for both forward and reverse flow. Inlet

volume information is needed for RELAP5-8Dto obtain the channel inlet quality.

There are at least three distinct type of hydraulic models used to model reactor cores. The modeling
terminology needs to be addressed to help readers understand the following paragraphs dealing with how
to best use the PG-CHF correlations.

- Isolated subchannel model - Code users are using an “isolated subchannel model”
when they use one heat structure connected to a hydraulic flow channel with no
crossflow. The contiguous stack of hydraulic volumes could represent a heated pipe or
annulus, a fuel rod subchannel, a rod bundle, or a complete core. Local coolant

parameters in the “isolated subchannel model” are determined in RELAE5-B
applying conservation equations in an isolated (radially closed) stack of coolant cells.

- Bundle mean parameters model - This model has multiple heat structures connected to
each hydraulic cell but, again the cells do not allow crossflow. Use of the word “mean”
is appropriate because the hydraulic conditions are the result of the integral of the heat
flux from all the heat structures connected to a cell.

- Subchannel mixing model - This model uses mixing coefficients among adjacent
coolant cells to determine local coolant parameters in every rod cell. The model is
used in subchannel codes (COBRA, VIPRE, etc.). Determined local parameters
depend on mixing coefficient values. If the mixing coefficient is zero the model
transforms into the isolated subchannel model and if the mixing coefficient is infinite
the model transforms into the bundle mean parameters model.

Normally, users would choose the basic form of the correlation for the heated channel representing a
tube, an internally heated annulus, or a rod bundle. However, depending on the nodalization used to model
the heated channel, the choice of the flux form can be recommended. Here is an example. When modeling
the core region, the modeling practice is to place the hydraulic node boundaries at the position of grid
spacers. The user may still need more detailed axial nodalization of the heat structure representing a fuel
rod, e.g., two or more axial segments over one axial hydraulic node. If the basic form of the correlation is
used in this case, local information for the bottom node is lost to some extent, because the code calculates
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volume averaged thermodynamic quality. If the flux form of the correlation is used in this case, local
information is retained, because the heated length including the axial peaking factor is used instead of the
thermodynamic equilibrium quality. When modeling rod bundles, the flux form of the correlation can be
used only if the isolated subchannel thermal-hydraulic model is applied. The geometry form of the
correlation may be of interest if the user prefers its combination of local parameters. Again, when
modeling rod bundles, the geometry form of the correlation can be used only if the isolated subchannel
thermal-hydraulic model is applied.

The power form of the correlation would be chosen if the thermal-hydraulic analysis is performed to
calculate the critical power ratio. For example, if a heated channel is operated in steady-state, the

maximum power to avoid boiling crisis can be determined in a single RELAP3-3Dn. Note that a
series of trial and error runs would be needed if the other forms of correlations are used to solve this
problem. Again, when modeling rod bundles, the power form of the correlation can be used only if the
isolated subchannel thermal-hydraulic model is applied.

4.3.1 PG-CHF Basic Form

When the user sets Word 12 (kg) to 11, 12, or 13 on the 1CCCG801 through 1CCCG899 or
1CCCG901 through 1CCCG999 cards, subroutine CHFPG is called. This form of the correlation set
calculates the ratio of the critical heat flux to the local heat flux. This ratio, R, is printed on the output in
place of the CHF multiplier. The expression for the flux ratio is

- (k1)(fg)(f1)(f2) (4.3-4)
(fp)(dTr)*(fxx) (£3)(f4)(f5)

where

[l
0 : -
g 70.9 ifkg =11

kl = J 1021 if kg = 12
E 109.8 if kg =13

fg = Word 4 or 5 on the 1CCCG801 through 1CCCG899 or 1CCCG901 through
1CCCG999 cards. The value of fg is 1.0 unless the code user has statistical error
data from the PG correlation based on experimental CHF data of an examined
fuel design.
0
0 N
o 1.0 if kg =11, 12

g = 0 1 .
0 — if kg =13
O R
0
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fp =

dTr =

k2 =

yta =

fx =

INEEL-EXT-98-00834-V4

use fg = 1 if statistical data is not available

W(0.126+ 0.22R,)
max (absolute value of total mass flux G, 50)
pressure/critical pressure

1.9+ 8|?edlo - Pred- X

thermodynamic equilibrium quality at the channel inlet

0.17+ Rey+ 1.82Fq+ 17.7RZ, if kg =11
0.2+ Py + 1.2P.,+ 14.4P2, if kg = 12, 13

o |

hydraulic equivalent diameter (d) times Tr. Tr is the radial heat flux distribution
parameter defined in Word 6 on the 1CCCG801 through 1CCCG899 or
1CCCG901 through 1CCCG999 cards

equivalent hydraulic diameter. Set Word 1 = 0 on the 1CCCG801 through
1CCCG899 or 1CCCG901 through 1CCCG999 cards

[l i r O
5 ZPerlmete,r a

o= 0
EZQiPerimeteirg
]

one of all surfaces adjacent to the hydraulic channel

local heat flux on surface (Q has units of M\&Ym

E 0.15 if kg = 11
0 0.04 if kg = 12, 13

Word 2 or 3 on the 1CCCG801 through 1CCCG899 or 1CCCG901 through
1CCCG999 cards

0.25 W Iy max [1 x 10%, (Xy - X))]
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_ . via
fxx = max{fx 0.5 yt dTr}
hy = difference between saturated vapor and liquid specific enthalpy divided by one
million
X1 = local thermodynamic equilibrium quality
3 = 1+ 4°f
30+ — X
Q+1x10
00 i B2
— 016+ réd
4 ) b 30 i
1x10
5 = &%1
%L hl 6x10° + h2D
h1 = max (1 x 18, 1.6 + 4R, 4- h11)
h11 = max (%, X;)
h2 = h11 - X.

The correlation has no explicitly defined axial position or axial shape factor. Axial information is
represented by the change in quality from the inlet to the point in question.

Note that on the first time step, the local heat flux, Q, is unknown. For this reason subroutine CHFPG
is not initially called. The power form of the correlation, subroutine CHFPGP, is called first. This calling
sequence is used even if the CHF subroutines are not called until sometime after the first time step.

4.3.2 PG-CHF Flux Form

When the user sets Word 12 (kg) to 21, 22, or 23 on the 1CCCG801 through 1CCCG899 or
1CCCG901 through 1CCCG999 cards, subroutine CHFGF is called. This form of the correlation set also
calculates the ratio of the critical heat flux to the local heat flux. It requires additional geometry
information (pertaining to the distance from the inlet and the axial power distribution). The additional
geometry information effectively replaces local quality as a correlating parameter. The expression for the
flux ratio is

R = (k1)(fg)(f1)(f2)
(fp)(dTr)*(Q + 1x10°)(fgg)(f3)(f4)(f5)

(4.3-5)
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where
H 709 if kg = 21
kl = E 102.1 if kg = 22
0 109.8 if kg = 23
O1.0 if kg = 21, 22
g - g=<h
fi =
J 51l if kg = 23
0 R
use fg = 1 if statistical data is not available
yta = Word 2 or 3 on the 1CCCG801 through 1CCCG899 or 1CCCG901 through
1CCCG999 cards
- yta
fgg B dTr
0 2
0 _ E 0.17+ P, +1.82B,,+17.7P7, if kg = 21
E 0.2+ Poy+ 1.2F.4 + 14.4P2, if kg = 22, 23
_ 40
3 B 1+ 30+ fgg
a00+ —90
f4 _ 14 0.016+ B
30+ Q- fgg
3 0
5 = q+ La%l +1x10 7
hl 6x10° + h30
hi = max (1 x 1%, 1.6 + 4 Rg- X; - hy)
_ 4Q- fgg
h2 = WeTgg "

For Q, W, R, Peg X1, X;, dTr, 1, f2, and k2 see Section 4.3.1.
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4.3.3 PG-CHF Geometry Form

When the user sets Word 12 (kg) to 31, 32, or 33 on the 1CCCG801 through 1CCCG899 or
1CCCG901 through 1CCCG999 cards, subroutine CHFPGG is called. This form of the correlation set also
calculates the ratio of the critical heat flux to the local heat flux. The expression for the flux ratio is

_ (k) (f9)(f)(f2) (4.3-6)
(fp)(dTr)*(fxx) (£3) (f4) (5)

where
H 709 if kg = 31
kl = E 102.1 if kg = 32
] 109.8 if kg = 33
1.0 if kg = 31, 32
g+ g=3h
HL1l  tkg=33
0O R
fg =
use fg = 1 if statistical data is not available
D 2
0 _ E 0.17+ P+ 1.82P. 4+ 17.7P%, if kg = 31
E 0.2+ Poy+ 1.2P,.,+ 14.4P2, if kg = 32, 33
_ 40
f4 - 30+ fx
fx = 0.25 W hg max [1 x 10%, (X; - X))]
fxx = max (fx, 0.07 fgg)
40
f = 1+
3 30+ fgg
400+ 0—0120 _
e
- + . red
fa 1 30+ fx
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3 0
5 = %L + 1_8%1 + —1x13CY -0
hl 6x10° + h30
h1 = max(1 x 1%, 1.6 + 4 P,y- h11)
h1l = max (%, Xq)
h2 = hil - X.

For W, Ry, Pea X1, Xj, dTr, f1, {2, and k2, see Section 4.3.1. For fgg, see Section 4.3.2.

4.3.4 PG-CHF Power Form

The power form is used, at least initially, for all heat structures. It is applicable to a tube, annulus, or
an isolated subchannel in a rod bundle. When the user sets Word 12 (kg) to 41, 42, or 43 on the
1CCCG801 through 1CCCG899 or 1CCCG901 through 1CCCG999 cards, subroutine CHFPGP is called.

This form of the correlation set predicts the critical heat flux in units of MA/An iterative procedure is
used to find the root of a non-linear correlation. The root z represents the heat flux at the critical power
level, i.e., CHF = z. This non-linear equation for CHF(z) is

7 = fq4 [?’i’i’gggigﬂ (4.3-7)
Eﬂ . 1.8 14 0.001 } 99
0 [h1-(h2(2)] 0.006+ ( x13(2)°
where
fq4 _ (k1)(fg)(f1)(f2)
(fp)(dTr)*(fgg)(f3)
H 709 if kg = 41
k1 = E 102.1 if kg = 42
0 109.8 if kg = 43
U 1.0 if kg = 41, 42
O - g=aL
f =
g E 1 if kg = 43
0 R

use fg = 1 if statistical data is not available
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O
o _ E 0.17+ Py +1.82B,,+17.7P%, if kg = 41

E02+ Pegt+ 1.2P.+14.4P, if kg = 42, 43
f4 = 430+ LB

0.016+ P,
hl = 1.6 +4Ry-X
- fgg

h2 N ‘W hig
x13 = h3,

For W, hg, Peg X, dTr, f1, f2, and k2, see Section 4.3.1. For fgg and f3, see Section 4.3.2.

A guess of CHF(z) is made and the variable f(z) estimates the error

0 0
_ O 30+(fgg)(z) 1
f@) = Z‘fq‘E §f4+(fgg)(z) 0.001 (4.3-8)
0+ (g " 0,006+ (x13(2)°

The solution sequence is begun by calling the f(z) function twice; once with z = amin, and once with
z = bmax, where

amin = 0.
h,
bmax = 0.9999—
h,
fa = f(amin)
fb = f(bmax).

Iteration is then used to find the root of f(z).
4.3.5 Boiling Surface Plots

Differences in the output of the PG and the table lookup method can be significant. Surface heat flux
plots quickly reveal differences in the point wall temperatures that exceed the critical Fegjuee 4.3-1
andFigure 4.3-2were generated for the two correlation types under low flow and low pressure conditions.
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The PG formulation uses the void weighted Zuber correlation at low flow. It shows a decreasing peak heat
flux and decreasing critical temperature as the void fraction increases. The table lookup method shows an
increasing critical temperature with increasing void fraction but the magnitude of the CHF (peak total heat

flux) remains about the same. More data comparisons are needed under low flow, low pressure conditions.

Figure 4.3-1Boiling heat flux using PG-CHF.

4.3.6 References

4.3-1. R. Pernica and J. Cizek, “General Correlation for Prediction of Critical Heat Flux Ratio,
Proceedings of the 7th International Meeting on Nuclear Reactor Thermal-Hydraulics,
NURETH-7, Saratoga Springs, NY, September 10 - 15, MMIREG/CP-0142, Vol. 4.
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Figure 4.3-2Boiling heat flux using table lookup of CHF

4.3-2. R. Pernica and J. CizeRG General Correlation of CHFR and Statistical Evaluation Results,
NRI Report, UJV-10156-T, February 1994.

4.3-3. M. Kyncl, Implementation of PG CHFR Correlation into RELAP5/MOD3NRIR Report,
UJV-10739-T, August 1996.

4.3-4. P. Hejzlar and N. E. Todreas, “Consideration of Critical Heat Flux Margin Prediction by

Subcooled or Low Quality Critical Heat Flux Correlationdluclear Engineering and Design,
163,1996, pp. 215-223.

4.4 Reflood Model

A reflood heat transfer model has been designed specifically for the reflood process which normally
occurs at low flow and low pressure. The reflood model (which includes wall mesh rezoning and axial
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conduction) is activated in one of three ways as controlled by Word 6 on the first line of the general heat
structure data. If users omit Word 6, or input as 0, no reflood occurs. If users input a trip number, reflood
begins following trip activation. Users may also input a 1 or 2 which allows reflood to begin at pressures
less than 1.2 MPa if the average core void fraction is greater than 0.9 or 0.1, respectively. The fine mesh
rezoning scheme is described in Volume I. The modifications to the wall heat transfer coefficients when
reflood is active are discussed here. Interfacial heat transfer and interfacial drag are also modified when
reflood is active, and these modifications are also discussed here.

4.4.1 Introduction

The Paul Scherrer Institute (PSI) in Switzerland developed ugti4tess improve the quench front

behavior during the reactor core reflood process. These updates were incorporated into REIAP5-3D
along with a new quench front plotting capability.

4.4.2 Major Features of the Model

Changes were made to interfacial heat transfer, interfacial drag, and wall heat transfer. The changes
to these models refer to the original models; the original models are discussed in Sections 4.1, 6.1 and 4.2
respectively, of Volume IV of the manual. Whenever a code user activates the reflood model (see
Appendix A, Volume Il of the manual), the code uses these model changes. Parts of the PSI model which
were not implemented were: (1) disabling interfacial time smoothing, and (2) using TRAC's interpolation
method for transition boiling (used for non-reflood heat structures). PSI found that disabling time
smoothing gave smoother results in an older RELAPS version. This feature is not needed in the current
RELAPS5 code version.

4.4.3 Interfacial Heat Transfer

The interfacial area is changed in a control volume next to a heat structure with reflood activated.
Both the wet and dry wall interfacial areas were changed in subroutine FIDISV. The wet wall droplet
diameter (¢) maximum (D’) was reduced from 2.5 mm to 1.5 mm. The dry wall Weber number was

reduced from 12 to 3.

The logic for deciding whether the wall was wet or dry was also changed in subroutine PHANTV. A
variable, tgsat, was reduced by 30 K for a rod bundle. Tgsat was previogsl;ﬂ'ﬁ'- 1. This variable

affects both the value of the variables poschf and pfinrg. Poschf is a logical variable that is set true when a
heat structure transfers positive heat flux to the vapor/gas and tgsat is greater than zero. If reflood is on and
poschf is true then

pfinrg = max{0.0,min[1.0,(1. - &%95%1 0000454]} (4.4-1)
for a bundle and
pfinrg = max 0.0 mif 1 twinde tgsaf (4.4-2)

for a non-bundle.
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Twindo is pressure dependent and is given by

E 0.06666667 R4< 0.025
twindo = E 0.01666667 R¢=0.25 (4.4-3)
O Interpolate 0.025< R.4<0.25

where

Pred = pressure/critical-pressure.

When pfinrg is equal to 1, the dry wall variable posdry is true, and the dry wall Weber number and
drop size are used instead of the wet wall values. Pfinrg is also used as an interfacial heat transfer
coefficient interpolating value between wet and dry conditions. When poschf is false, pfinrg is zero.

When reflood is not active and poschf is true, pfinrg is given by
pfinrg = maxX 0.0 mif 1 twinde tgsa} . (4.4-4)

The purpose of reducing tgsat and changing the definition of pfinrg for reflood in a bundle was to
force the code to use wet wall interfacial values close to the quench front. The 30 degree tgsat reduction
was developed by comparing calculations with data.

4.4.4 Interfacial Drag

Subroutines FIDIS2 and PHANTJ (used for interfacial drag calculations) were changed in the same
manner as were subroutines FIDISV and PHANTYV. In addition, subroutine FIDISJ was changed when
reflood and the bundle flag are active adjacent to a hydraulic junction. The modified Bestion correlation

(by Analytis4'4'1) is used for interfacial drag in vertical bubbly-slug flow at pressures below 10 bars in
place of the EPRI correlation. Above 20 bars the EPRI correlation is used. Between 10 and 20 bars the
interfacial drag is interpolated. The modified Bestion correlation for the code interfacial drag coefficient,
Ci, is coded in subroutine FIDISJ as

_ 6504p4(1-0,)’

Ci 5 (4.4-5)
where
G = interfacial drag coefficient (the variable name is fic in subroutine FIDISJ)
Og = junction vapor/gas void fraction (see Section 6.1)
Py = donored junction vapor/gas density
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D = junction hydraulic diameter.

The void distribution parametelp@ set to 1.2.
4.4.5 Wall Heat Transfer

Changes occur in transition and film boiling heat transfer coefficients, both with and without the
hydraulic bundle flag activated, when reflood is active.

Quenching can occur at both ends of rod bundles. Quench front advancement is determined in
subroutine QFHTRC and keys off the mode number. The current fine mesh is considered to be wetted
when the mode number is less than 5. Quench fronts can also recede if dryout rebounes.4.4-1

illustrates a bottom and top wetted regime along with distance variables used by the code and variables
used in this section of the manual.

# wettop A

* A
ZQFTOP

|V

zbun

Fuel rod

ztopq
ZoF zeurr

Y
WGTbOt

+ Y Y Y

Figure 4.4-1Fuel rod showing variables used by the reflood model.
Some of the ideas for the empirical methods described below were taken from the CATHARE code.

4451 Bundles with Reflood. A modified Weismafi*? correlation replaces the
Chen-Sundaram-Ozkayn‘éﬁ'e’transition boiling correlation. The modified Weisman correlation is

—0.02AT,, o1y G ﬁ)'z —0.012AT ¢
h, = hpad€ "M + 4500=—= (e ¢ 4.4-6
maxl ) + 45005 ( ) (4.4-6)
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where
hoo = 0.5 CHF
AT e
CHF = critical heat flux
ATt = max[3, min (40, , - Tsp,)]
ATwent = max (0, Ty - Twch)
G = total mass flux
Gr = 67.8 kg/nfs
Twehf = wall temperature at critical heat flux.

The original Weisman correlation used 0.04 in place of 0.02. The 0.5 multipligpipwas not in

the PSI updates as received but was added to reduce the magnitude of the spike in heat flux to the fluid
which occurs near the critical heat flux temperature. Reducing this spike is the whole motivation behind
the reflood model. The reduction is physically justified because of the hysteresis in going from nucleate

boiling to transition boiling and baék** The magnitude of the peak flux is much less on the return trip.

Code use of the modified Weisman correlation depends on the distance from the point in question to
the quench front position. The transition boiling heat transfer coefficient to ligggdis given by

E mMin(hy a0 hy) Zor < 0.1'm
hirg = O hy,, Zop 2 0.2 m (4.4-7)
0 Interpolate 0.1m< & <02m
where
herg = transition boiling heat transfer coefficient to liquid
ZoF = distance from the point in question to the bottom quench front
hiow = 0.0001 W/ndK.

The heat flux to liquid, @ig, is hrg (Tw - Tsp)-

The transition boiling heat transfer coefficient to vapor/ggsgh comes from the single-phase
vapor/gas correlations previously discussed in Section 4.2.3.1. This is calculated from a call to the
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DITTUS subroutine using vapor/gas properties. This coefficighy, Its then void fraction ramped so that
it goes to zero as the void fraction goes to zero and is given by

hgte = hbirt g - (4.4-8)

The heat flux to vapor/gas 4, is hyte (Tw - Tg)-

The film boiling heat transfer coefficient to liquidg, uses the maximum of a film coefficient,
hegs, the Forslund-RohsendW™ correlation coefficient, fr, and the normal RELAPS5-3D
Bromley*#® correlation. The film coefficient,dag, is given by

hess = {1,400—[1,880 mir( 0.05 2:)]} min(0.999-ag, 0.5) + heggr(1—ay)*® . (4.4-9)

The first part of kgg is an empirical length dependent expression, and the second part includes a
modified Bromley correlation coefficientgggr, which uses g for the length in the denominator instead

of the wave length as does the normal RELAP523DBromley correlation. The modified Bromley
correlation coefficient used here is given by

0.25
C0kyPy(Pr =Py + 0.5G(Tw = TepdI

h = 0.62 4.4-10
reor = 002 nax(0.005 gdMg(Tu—To) 5 (4410
The Forslund-Rohsenow correlation coefficient is given by
0.25
3
her = h1| —9PaPrMigk . (4.4-11)
(Tw_Tspt)l-lnggE3
where
2
~ 6(0.999-0,)73
hi = 0.4%:{ - } .
O (1
d = min[0.003 ma% 0.0001 3max 0.01 ( y—v;)* [ (4.4-12)
0 O Py N
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where
Vg = vapor/gas velocity
Vg = liquid velocity.

The normal RELAP5-38 Bromley correlation used in the maximum for the reflood film boiling
heat transfer coefficient to liquid g, is the same as Equation (4.2-26), except that the void factpr M

linearly smooths the h over the void fraction range 0.0 to 0.999.

Radiation to droplets (Sun, Gonzalez-Santalo, and “rteh is added to the final film boiling
coefficient to liquid, =g, which is the maximum of Equation (4.4-9), Equation (4.4-11), and the normal

RELAP5-30° Bromley correlation discussed above. The final value is multiplied times Tgp to get
the heat flux to liquid.

The heat flux to vapor/gas is the same as the transition boiling value.

4.4.5.2 Non-Bundle Reflood. Equation (4.4-7) (uses Weisman near the quench front) is used for
the transition boiling heat transfer coefficient to liquid. Equation (4.4-9) is used for film boiling heat
transfer to liquid. Equation (4.4-8) is used for the vapor/gas heat transfer coefficient in both transition and
film boiling. Thus, the bundle reflood and non-bundle reflood wall heat transfer models are the same.

4.4.5.3 Top Quench Front Model. The magnitude of the transition or film boiling heat transfer
coefficient may be altered if the point in question is close to the top quench position and the bundle option
is used. This is a new model not described in any other literature. This model is only used for a bundle. The
transition boiling heat transfer coefficient to liquid is

E mMin(hy a0 hy) Zorrop € 0.1'm
hirg = O max hyy(from above, h4 (from abové] Zortop 2 0.2 M (4.4-13)
O Interpolate 0.1 m< Zerop < 0.2 m
where
ZorToP = distance from the point in question to the top quench front
h _ 0.5 CHF
max ATchf
AT cp = max[1, min(40, T, - Tspg]
—0.05AT, o G 2, —0.01T,
= hiax(€ ") +4500==—H (e ¢
by mas( ) + 45005 ( )
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max( Q Tw - Twchf)

ATweh
Twehf = wall temperature at critical heat flux.

The derivation of the film boiling heat transfer coefficient to liquigsd) is similar to that of the
bottom quench front. The modified Bromley coefficient [similar to Equation (4.4-10)] here ¢s8%a
for the length term and is given by

3 0.25
Neger = O.BZEgkgpg(pf —Pg)[Nig +0.5G,o(Tw ~ Tsp)] O _

0 max(0.005 geropHg(Tw—Tspd

(4.4-14)

This value is multiplied times (1 eg) and added to an empirical length dependent expression as in
Equation (4.4-9) to give

The maximum of Equation (4.4-15), the Forslund-Rohsenow correlation Equation (4.4-11), and the
final bottom quench value ofyfs (see Section 4.4.5.1) is used to obtain the top quench valuggfthe

values of 600 and 5,000 in Equation (4.4-15) have not been assessed. They were chosen to demonstrate the
feasibility of the model.

For the top quench front model, Equation (4.4-8) is used for the vapor/gas heat transfer coefficient in
both transition and film boiling.

4.4.5.4 Low Flow CHF. The reflood model uses a modified Zub&® CHF correlation instead of
the Groeneveld Table Lookfif?at low values of mass flux.

RELAP5-30° calculates a wall heat flux for both liquid and vapor/gas and computes a heat flux in
both film boiling and transition boiling. This is done in subroutine PSTDNB. Before calling subroutine
PSTDNB, subroutine CHFCAL has been called to obtain the critical heat flux. The critical heat flux value

from the Groeneveld Table Lookup is returned unless the mass flux is less than ZGG.IQMW amass
flux of 100 kg/n?s, the modified Zuber correlation is used and is given by

CHF = max 0.04( +0a,)]10.13h,[og(p; —py)] *pg” (4.4-16)
where
hrg = saturation specific enthalpy difference between vapor and liquid

o surface tension
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The term (leg) is the Griffittf-4*%modification to the Zuber correlation. Between a mass flux of 100 and

200 kg/nf-s interpolation is used.

4.4.6 Reflood Summary

RELAP5-30° capability has been enhanced by the addition of a new reflood mtatge 4.4-1is
presented to help clarify the correlation use differences with/without reflood activated and with/without

the bundle flag set.

Table 4.4-1Reflood correlation usage.

Non-reflood slabs

Reflood slabs

Bundle

Non-bundle

Bundle

Non-bundle

Interface flow regime

‘Interface flow regime

‘Interface flow regime

‘Interface flow regime;

Forslund-Rohsenoy

original original modified modified
Film boiling: Film boiling: Film boiling: Film boiling:
Bromley Bromley modified Bromley | modified Bromley
and and

v Forslund-Rohsenow

Transition boiling:
Chen

Transition boiling:
Chen

Transition boiling:
modified Weisman

Transition boiling:
modified Weisman

Critical Heat Flux:
Groeneveld

Critical Heat Flux:
Groeneveld

Critical Heat Flux:
Groeneveld and
modified Zuber

Critical Heat Flux;

Groeneveld and
modified Zuber

Interface drag: EPR
and others

| Interface drag: less
EPRI and more othe

Interface drag:

rs modified Bestion,

EPRI and modified
others

Interface drag: less
EPRI and more
modified others
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4.5 Wall-to-Wall Radiation

RELAP5-30° has a model that calculates wall-to-wall radiation heat transfer directly, whereas
RELAP5/MODZ2 did not. The model is presented in Volume | of this code manual and is not repeated here.
One weakness of the model is that it does not include absorption by the fluid between the surfaces.

4.6 Energy Source Term

Volumetric heat sources can be placed into any heat structure in RELAPS5-3Ibe power for the
heat source can be determined from the reactor kinetics package that calculates the time-dependent power
response, or from a table, or a control system. The internal power source can be partitioned by the use of
three factors.

The first factor is applied to indicate the internal heat source generated in the heat structure. The
other two factors provide for direct heating of the fluid in the hydrodynamic volumes communicating with
the heat structure surface. A user-specified multiplicative factor times the internal power in the heat
structure is added directly to the energy source term in the associated control volume to provide the direct
moderator heating. The energy transferred is partitioned between the liquid and vapor/gas phases by means
of the static quality. The sum of all the factors multiplying the source power should be unity to conserve
energy in the calculation.
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The direct heating model is simply a portioning of energy and is clearly applicable in any situation
where the application of direct heating has been justified. No scaling dependence or uncertainties past
those associated with the determination of the input are introduced by the model itself.

4.7 Near Wall and Bulk Interfacial Heat Transfer

The heat transfer correlations described above determine a heat transfer coefficient which relates an
energy transfer rate to a temperature difference. Two distinct cases were discussed: (a) interfacial heat
transfer through an assumed interface as a result of differences in the bulk temperature of the liquid and
vapor/gas phases, and, (b) wall heat transfer, providing energy to either the liquid or vapor/gas phase, or
both. A special case of wall heat transfer occurs when the wall is communicating with a two-phase
mixture, for then boiling or condensation can occur as a direct result of the wall heat transfer. This heat
transfer is referred to as near wall interfacial heat transfer and is similar to the bulk interfacial heat transfer
described in (a), but it is treated separately in the code because it is not a result of differences between bulk
phase temperatures. The following discussion will address the various heat transfer conditions by
identifying those terms in the energy equation used to account for them and by showing the relationship of
each term to the overall mass and energy balance. Because the interpretation of each of these terms in the
energy equation is nontrivial, they will also be related to the heat transfer output information typically

contained in a RELAP5-3B major edit. The discussion to follow will address primarily the boiling
model. The condensation model will be discussed briefly. The case of one wall connected to the fluid will
be addressed initially, and Section 4.7.1.4 will contain a discussion of multiple walls connected to the
fluid.

4.7.1 Interfacial Heat Transfer Terms in the Energy Equation

The phasic energy equations stated in Volume | of this manual, are

d 10 dag, P4
51(0aPgUg) + T 3= (AgPgUgVGA) = _Pa_tg_K&(agng)
+ng+Qig + righ; + rwh’g_ng +DISS3 (47-1)
(11 3 (K] [L]
da;

0 10 Po
a_t(afpfuf) +K&(GfprfoA) =-P —K&(GfoA)

at
+Qu + Qi — Might = My hy +Qy +DISS . (4.7-2)

(1 [ [K] [L]

See Volume | for the meaning of these terms. The identification of the terms of interest here is

| wall heat transfer

J interphase heat transfer
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K interphase latent heat in the bulk
L interphase latent heat near the wall.

Terms J (@, and ) are interfacial heat transfer terms resulting from both bulk energy exchange

due to phasic temperature differences and near wall energy exchange due to wall heat transfer in the form
of boiling or condensing. They relate to both terms K and L, whichiggethe interfacial mass transfer

resulting from a difference in phasic temperatures, Bydthe mass transfer resulting from wall heat
transfer.

These four terms relate the wall heat transfer to the fluid energy, and they relate each of the phases
through the interfacial heat transfer. Terms | and L refer to wall heat transfer. Term | is the total wall heat
transfer to the given phase, either liquid or vapor/gas, so the sum,0&i@ Qq is the total wall heat
transfer to the fluid space, Q, as shown in Volume I. The te@ﬁ's (aﬁd are the fractiqp ah@

Qug resulting in mass transfer. Terms | and L are related thrdyghThe association between heat and
mass transfer near the wall is given in Equation (4.7-3) (boiling) and (4.7-4) (condensing).

_QW

r, = -2 r,>0 (4.7-3)
hg =y
W

r, = ﬁ r,<o . (4.7-4)
hy = hy

The relationships among terms |, J, K, and L are algebraically complete and correct in Volume I, so
the derivations will not be repeated here. It is useful, however, to summarize the assumptions used to
determine those relationships.

1. The phasic specific enthalpieh?;, atnfd , associated with bulk interphase mass transfer in
Equations (4.7-1) and (4.7-2) are defined such tlhtét= hZ aﬁ\d= h; for

vaporization, andf; = hy anti, = h{ for condensation. This is tantamount to the bulk

fluid being heated or cooled to the saturation condition at the interface and the phase
change taking place at saturation conditions. The same is true for the phasic specific

enthalpiesh', andh; , associated with near wall interphase mass transfer.

2. It is assumed that the summation of terms J, K, and L in Equations (4.7-1) and (4.7-2)
vanishes, i.e., the sum of the interface transfer terms vanishes. This is because the
interface contains no mass and energy storage.

3. Assumption 2 is satisfied by requiring that the near wall interface heat transfer terms and
the bulk interface heat transfer terms sum to zero independently.
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The ramifications of these assumptions and their implementation in the code will be discussed next.

4.7.1.1 Near Wall Interphase Heat Transfer. Near wall interphase heat transfer is directly in
only one term in the energy equation,(dr Q,g. During nucleate boiling, (), is zero and the code treats

Qs In two parts,

Quf = Qeonv* Qooil (4.7-5)

where Q, is that portion of the wall heat transfer treated as a convective heat flux ggdithat

portion which results in the saturated pool boiling from the liquid phase. The tggni€the same asQj

in Equation (4.7-3); this is the near wall interphase heat transfer. When boiling exists, a fraction of the
energy is accumulated in the variablg

Because RELAP5-3D has just one liquid temperature in a volume and does not calculate thermal
gradients in the wall boundary layer, another model must be usedfoiThis is especially true for
subcooled boiling. In this case, the bulk liquid can be subcooled while liquid in the boundary layer is
warmer and is flashing to vapor, resulting in a net vapor generation. To capture this effect, the mechanistic

method proposed by Lahéy ! as implemented in the TRAC-B cod€;? is used in RELAP5-35
during nucleate, transition, and film boiling. Furthermore, the model fpwill not result in positivel

for subcooled bulk liquid temperature.

The Saha-Zub&r’3 method of predicting the conditions necessary for net voids to exist is
calculated; then Lahey’s method of assigning a fraction of the total heat flux to liquid, which causes
flashing at the wall, is applied. The Saha-Zuber correlation uses the Peclet number to decide whether the
heat flux should be related to the Nusselt number (low flow) or Stanton number (high flow). At some
point, as the liquid flows axially past a heated wall, the specific enthalpy may become close enough to the
saturation specific enthalpy that bubbles generated at the wall will not be condensed. The specific enthalpy
necessary is the critical specific enthalpy

St
hcr = hf,sat_W(c):gS for Pe > 70,000
' (4.7-6)
Nu'C
= hisa— gz for Pe < 70,000
where
St = Np—ue (4.7-7)
D
Nu’ = q;f(_ (4.7-8)
f
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G,DC

Pe = K

(4.7-9)

Or wall heat flux to the liquid. (4.7-10)

If the minimum of the bulk liquid specific enthalpys,land the saturation liquid specific enthalpy,
hr satlS greater than the critical specific enthalpy,, tthen the direct wall flashing terrfi,,, is a fraction of

the wall heat flux to liquid. From Lahéy/ 1 the fraction is

min(hy, hr) —h,,
(hf=he)(1+¢)

Mul =

(4.7-11)

where

pi[hy —min(hy, hy)]
pghfg .

(4.7-12)
The final expression for the wall vapor generation rate per unit volume during boiling is

A
rW — qf w MUI (47'13)

V[max%ﬁ —h, 10° é}%}

where V is the cell volume. A lower limit on the specific enthalpy difference in the denominator was found
to be needed in a test problem which included noncondensables. A valdeléfgl@as chosen.

During condensation, there is alsd g term, but for partitioning it uses all the heat flux from the

vapor/gasq; . The difference between the actual vapor/gas specific enthalpy and the saturated liquid
specific enthalpy is used in the equation for the condensation rate

i V[max%ﬂg—hf, 10“%}%

(4.7-14)

A boiling condition is checked to ensure tHg}, does not represent a greater mass of liquid than is
available to boil in 90% of the current time step. For the boiling situation,

. 0.9
r, = mma‘w,A—tfpr . (4.7-15)
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In the event this test shows, greater than 90% of the remaining liquid in the control volume, the value of
Iy IS reset to the 90% limiting value. A similar test is performed for a condensation calculation to allow no

more than 90% of the available vapor/gas in a given control volume to condense in a single time step. This
test results in less vaporization (or condensation) for a system calculation when the void fraction in a
control volume is close to either unity or zero.

4.7.1.2 Bulk Interphase Heat Transfer. The relationship between bulk interfacial heat and mass

transfer is similar in the use ql’ngJ —h;) to determine the mass transfer associated with the interfacial heat

transfer. The code includes no specific variable to represent interfacial heat transfer. Instead, it is
incorporated into the energy equation in terms of an interfacial heat transfer coeffigignt, i, and a

calculated temperature differences () or (T° - Ty), respectively.

4.7.1.3 Total Interphase Heat Transfer. The reduction of the energy equation from its basic
form in Equation (4.7-2) (liquid phase) to the following (see Volume 1)

0 iro 0
é—t(afpfuf) + K[&(GfprfoA) + Pg)‘((defA)}

_ acxg O h: s s 0 h; 0 s P— Py
= P9+ m%%%igﬁ -T,) +51W%H"(T T + = (T,-T) (4.7-16)
L+e , l—gn
-[F55 e+ B55 v [rw+ Qu +DIss

from which the numerical form is derived, requires an assumption for the interface transfer terms described
in Section 4.7.1. Combining the phasic energy equations, Equations (4.7-1) and (4.7-2), into a mixture
form by adding results in the following collection of terms representing the total interface energy transfer

Qig + Qi *+ Mig(ng—hy) + Ty (hg—hy) . (4.7-17)
Assumption 2 in Section 4.7.1 is a requirement that the sum of these terms vanish, i.e.,
Qig + Qi + Mig(hg—hy) + T (hy—hy) = 0 . (4.7-18)

Assumption 3 in Section 4.7.1 goes on to assume further that the bulk transfer terms and the near
wall transfer terms vanish separately. Thus,

P * *
ESHig(TS_Tg) +H (T°=Ty) + Mg(hg—hs) =0 (4.7-19)
and
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Qi+ Qif +Tu(hy—hy) =0 . (4.7-20)

Equation (4.7-20) is rewritten in the form

_ QW
My = ——,Qy =0, My>0 (4.7-21)
hg—hy
and
_ QW
My = - E,,QYX =0, r,<o (4.7-22)
— Ik

and is evaluated in the heat transfer correlation when boiling or condensing is calculated. The energy
associated witlfr,, is never deposited in the associated fluid space, but rather is carried in the calculational

scheme as a mass generation rate. The energy is accounted for in tdrgpsuod is converted into an

energy form in the energy equation itself, as seen in Equation (4.7-1) or (4.7-2). Note that the saturation
specific enthalpy multiplying,, in both phasic energy equations properly incorporates the latent heat such

that the energy contribution (positive or negative) figis correct.

The other mass transfer term arises from bulk exchange between the liquid and vapor/gas spaces.
Equation (4.7-19) is the essential defining equation and is rewritten as

P,
ESHig(TS_Tg) +Hi (T°=T)
Fig = — — : (4.7-23)
hy — b

The actual coding f0||'ig is included in its final form in subroutine EQFINL, where the back
substitution following the implicit pressure solution is completed. The tegms not calculated directly,
but its contribution to the energy equation is determined exactly as shown above in Equation (4.7-23).

Figure 4.7-1 provides an overview of the energy partitioning used in RELAP@-au:igure 4.7-2
provides another view of this energy partitioning.

The term Q is the sum of £ and Q,s. The terml’jy is the mass transfer associated with bulk energy

exchange, and specifically does not include any direct effects of mass transfer from wall heat transfer. The
terms ¢ and Qg, on the other hand, include the energy associated with both forms of mass transfer, as

shown in Equations (4.7-24) and (4.7-25)

PS S
Qg = Qg+ Qg = pHi(T"=Ty) + Qg , (4.7-24)
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Figure 4.7-2Energy partitioning in RELAP5-3® (another view).
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and
Qr = Qi +Qf = Hy(T°-T)+Qy . (4.7-25)

The sum of ¢ and G represents the net energy exchange between the phases.

4.7.1.4 Further Description of Interphase Heat Transfer. ~ As discussed in Volume I, there is
the possibility of multiple heat slabs connected to the fluid. To accurately model multiple heat slabs, the
mass transfer near the wall () is split into a boiling part[{,,) and condensing parf §). For this option,

I is the near wall mass transfer for all the heat slabs that are in the boiling mode, anithe near wall

mass transfer for all the heat slabs that are in the condensing mode. Thus the total mass transfer consists of
mass transfer in the bulk fluid' ;) and mass transfer in the boundary layers near the wiajjsa0dr o);

that is,
Mg =Tig+Tw+lc . (4.7-26)

Therl, andl'; terms are the mass transfers from flashing and condensation associated with wall heat
transfer and both are determined from the wall heat transfer computation.

Using thisl",, andl ; notation, a more detailed description of the energy partitioning process is next
described.

Using somewhat different notation in the source terms, the phasic energy Equations (4.7-1) and
(4.7-2) have the form

a 10 0% PO
at(Ggngg) +A0X(agngngA) =-P ot _Aax(angA) (4.7-27)

+ QZ + I-igh; + ng_Qcond+ rwh;/vg + rch;:g_ng + DISS_;

0 10 00; PO
a_t(afpfuf) +K&(GfprfoA) = —Pa_tf—z\&(afoA)

+Qif = ight + Qur = Quiash — Mwhar = Teher + Qg +DISS;

(4.7-28)

The term Q¢ corresponds te-Q;;  for boiling (flashing), and the termg,@ corresponds t&QiV;
for condensation.

Figure 4.7-3illustrates terms in the energy Equations (4.7-27) and (4.7-28). The top and bottom
rectangles represent vapor/gas and liquid regions of a hydrodynamic volume and have nonzero volumes to
indicate that the time derivatives represent the accumulation of energy in the two regions. The horizontal
line between the two volumes represents the liquid-vapor/gas interface and the fact that the line has no
volume indicates that the interface cannot accumulate mass or energy. Arrows show mass and energy

INEEL-EXT-98-00834-V4 4-176



RELAP5-3D/1.3a

entering or leaving the liquid and vapor/gas regions and the interface. The direction of the arrow shows the
positive flow direction and most quantities can have positive or negative values. The arrows marked with
convection gpUv) and ‘work’ are from fluid flow into and out of the regions. The work terms are PV
work terms in the energy Equations (4.7-1) and (4.7-2). The use of inward and outward pointing arrows
anticipate the development of numerical approximations to these equations. In those approximations, inlet
and outlet surfaces to the volumes are assumed and inward arrows point to an inlet and outward arrows
leave an outlet surface. The arrow points in the direction of positive flow. If the flow is reversed, the signs
simply change. Quote signs are used with the work term since this is a thermal energy equation and only
part of the work term is present.

/‘% L
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Near Vapor/Gas Region o Direct
\fll\/a”h_ A Near Wa” DUIR heatin
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Figure 4.7-3Energy partitioning in RELAP5-3D (detailed view).

The wall heat transfer computation (Section 4.2) computes phasic heat fluxes. The heat transfer rates
per unit volume to each phasgy{@nd Qq, are given by

1
Qur = \—/quiAhi (4.7-29)
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1
ng = \_/zqgiAhi (47'30)

where g and g are phasic heat fluxes for surface i, s the wall heat transfer surface area for surface i,

V is the volume of the hydrodynamic volume, and the summation is over all heat structures attached to the
volume. These phasic wall heat transfer rates satisfy the equation,fp = Q4 where Q is the total walll

heat transfer rate to the fluid per unit volume. For some modes of heat transfer, the heat transfer correlation
package divides the phasic wall heat transfer into two parts, one part going to the phase, the other part
going to the interface where it causes mass and energy transfer. For flashing, a portion of the heat transfer
to the liquid from each heat structure (i) goes to the interface where it generates a change of phase with
mass and energy transfer from liquid to vapor/gas The wall heat transfer correlation package determines
the factor mj for each heat structure (i) such that

Mwi = MG, (4.7-31)

whererl,,; is the wall associated flashing mass transfer for heat structure i.

For condensation, a portion of the heat transfer to the vapor/gas from each heat structure (i) goes to
the interface where it generates a change of phase with mass and energy transfer from vapor/gas to liquid.
The wall heat transfer correlation package determines the fagtésmeach heat structure (i) such that

rCi = nbiqgi- (47-32)

wherel ; is the wall associated condensing mass transfer for heat structure i.

The contributions of wall associated mass transfer are summed over all heat transfer surfaces to
obtain the totals within a volume

Mw =5 Twi (4.7-33)

M = Zrci . (4.7-34)

The flashing process portion Bfgure 4.7-3shows Q,shas that portion of the wall transfer to liquid

going directly to the interface, causing mass transfer from liquid to vapor/gas. Similarly, the condensation
process shows Qnqas that portion of the wall transfer to vapor/gas going to the interface, causing mass

transfer from vapor/gas to liquid. The directions of the arrows for flashing and condensation mass flows
are the same even though condensation is in the reverse dirdcfjos.always greater than or equal to
zero;l . is always less than or equal to zero.

Using the principle that no mass or energy accumulates at the interface,
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Qtiash = Tw(Mwg—Niwe) (4.7-35)

Qeond = Me(heg—her) (4.7-36)

Comparing to the notation used in Section 4.7.1, the teg@orresponds teQ??’ for boiling, and

the term Qg,q COrresponds to—Q?’g for condensation. The heat from the wall going directly to the
interface must be subtracted from the wall heat transfer rates. As illustratéidure 4.7-3 the liquid

energy Equation (4.7-28) includes the termg QQfash fOr energy entering the liquid from the walls and

the terms,l'wh'Wf and'ch'Cf for energy leaving the liquid due to change of phase. The vapor/gas energy
Equation (4.7-27) includes the termg,Q- Qcong for energy entering the vapor/gas from the walls and

termsl'wh'Wg and‘ch'Cg for energy entering the vapor/gas due to change of phase.

4.7.2 Interpreting RELAP5-3D © Output of the Energy Equation

The three variables printed in a major edit are macroscopic terms related to the entire control volume.
These variables are the total wall heat transfer to the control volume, Q, the total wall heat transfer to the
vapor/gas space in the control volume, QWG, and the total vapor generation, VAPGEN. In the major edit,
these are labeled TOT.HT.INP, VAP.HT.INP, and VAPOR-GEN. In terms of variables discussed above,

Q is straightforward and includes all wall energy from (or to) the heat structure. The term Q can be
interpreted as consisting of two terms, QWF and QWG, the total wall energy transferred to each of the
phases. These two terms include wall energy convected to the particular phase and energy associated with
the mass transfer. The term QWG is printed in the major edits; the term QWF must be inferred from QWF

= Q - QWG. The term QWF includes the convective heat flux term, noted in Section 4.7.1},/sa@d

therl,, term associated with boiling. From Equation (4.7-3), the energy associatdd,visth
Qf = =Ty(hy=hy) . (4.7-37)

Note that in this form,Q?’fV is a negative contribution to the liquid phase, for the net result on the
phase is a removal of mass and its internal energy. Note also that a test is performed such that a given heat
structure will contribute to eitheQYfV oQ}’g , depending on the thermal-hydraulic conditions of the

associated fluid space, but it will not contribute to both in the same time step. Thus, the energy terms for
each phase in the control volumes are identified. The term VAPGEN, noted as vapor generation in the
output, is the total interphase mass transfer and includes both the bulk and near wall terms.
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APPENDIX 4A--CORRELATIONS FOR INTERFACIAL HEAT AND MASS

SHL (superheated liquid, AT <0)

where

AT

Re,

Weo

Ayt

Obup

Vfg

Bubbly Flow
e U
sf fhpr D
pg fg O
K + 0.4 | ps CpeF1 By F2F3
Z1(2.0+ 0.74RE%) .
dy

O

(ifg =0.0andAT>0

TS-T¢

(1—0yyp) PsVigdy — We o(1-ap,p)
H, 2 /2

M (Vig)

max (Weag, 1010)
average bubble diameter %dmax )

We o

2
PsVig

,We=5
1.0 for bubbly flow

interfacial area per unit volume

3.60t 1
dy

max @g, 10°)

. . _ 5
relative velocity =y - v ag>10

TRANSFER IN THE BULK FLUID FOR RELAP5-3D ©

otherwise (4A-1)
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= (Vg - V) 0g10° ag < 10°
We o
szg = ma){ \/29’ 13 :|
psmin(D apy, D)
D = hydraulic diameter
D = 0.005 m for bubbly flow

min(0.0], ay,p)

Apub
0 5 11 III(I)I-I(l)Ol [ ||||(|J.01 ”(I).labUb
min(0.25 ay,)
F = e
Apub
1—
F
0 L L ' Obub
0 0.25 0.50 0.75
Fs = 1 ATg< -1
= Fa (1 +ATg) - ATgs -1 <AT4<0
= Fs ATst 0

F3
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Fy = min [10°, ag (1 - X))] (107
a
o 107 10 105 104 108 °
Xn = noncondensable quality.

SCL (subcooled liquid, ATg > 0)

_ FsthfgpgpfO(bub

Hi; a,>0.0
P — Py (4A-2)
= 0.0 a, = 0.0
where
Pr-Pg = max @ - pg 107)
F3, ap,pas for bubbly SHL
_ 1
F5 = 0075m Opup= 0.25
- 1.89C exp (-48ip,) + 0'075%3 Apyp < 0.25
C = 65.0 - 5.69 x 18 (P - 1.0 x 19) ﬁ P<1.1272 x 16 Pa
_ 25x10° 1
= i K P>1.1272 x fPa
P = Pressure (Pa)
(0} = 1.0 m/s /< 0.61 m/s
= (1.639344 )4 m/s > 0.61 m/s
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RELAP5-3D/1.3a

SHG (superheated vapor/gas, ATgy <0)

Hig = hg Fe F7 ays (44-3)
where
hig = 10* WinP-K
gyt as for bubbly SHL
Fo = [1+n (100 + 2§)], n = [max (-2ATgy)
400 8000
300 _ 6000
Fs 200 6 4000
100 2000
05 L 5 . 06— =5 10 15 20"
(ATg4< 0) (ATeg>0)
ATgy = TS- T,
- _ max(ag, 107°)
! max(ag, 10°°)
10°7
10* 1
10°
F7 102‘é
10" 1
100 4
E a

" 1010109 108 107 10610° 107
SCG (subcooled vapor/gas, ATgy > 0)
Hig as for bubbly SHG
Note thatAT,> O for this case (functiong:
Slug Flow
SHL (superheated liquid, AT <0)

Hit = H¢ b * Hitoub

INEEL-EXT-98-00834-V4 -4



RELAP5-3D/1.3a

where
Hif,Tb = 3.0X1(fagfy-|—bd-|—b (4A'4)
where
. : . . 4.5
gt Tb = volumetric interfacial area ) (2.0)
D = hydraulic diameter
— ; o Jg—Ogs
OTh = Taylor bubble void fraction ==——~
1-0gs
= Taylor bubble volumef/total volume
Ogs = the average void fraction in the liquid film and slug region
= asFg
a,—a
F = ex D_SQ—BSD
9 an Osa—0gsH
1
Fq
0 T T dg
0 OBs Osa
OBs = aq for bubbly-slug transition
Oga = agq for slug-annular-mist transition
and

Hit pub IS as forHj¢ for bubbly SHL with the following modifications:

Obub = ags Fg
Vig = (Vg - vf) Fs
8fbub (3gt)pup(1—0ap)Fy

-5 INEEL-EXT-98-00834-V4



RELAP5-3D/1.3a
B = Fo
(gf)bub IS & for bubbly SHL.

SCL (subcooled liquid, AT > 0)
Hit = H¢1p + Hibub

where

k *
Hit o = 1.18942 R%5Pr?'55fagf,TbaTb

where

O1p and a;f,Tb are as for slug SHL

Prf = Ci_ffuf

psmin(|v; —v|, 0.8)D
¢

Re =

and

Hif pup is as for bubbly SCL.

SHG (superheated vapor/gas, ATgy <0)
Hig = Hg,mb* Hig,bub (4A-5)
where

Higto = (2.2+ 0.82 R§ ) g, 7o0o

where
a1, 7o andary, are as for slug SHL
P¢|Vi =V D

Reg = m

INEEL-EXT-98-00834-V4 -6



and

Higou = hig Fe (1 - 01p) 3t bub
where

dtp and @¢pypare as for slug SHL
and

hiy and Fs are as for bubbly SHG.

SCG (subcooled vapor/gas, ATgy >0)

Hig = Hg,b * Hig,bub
where

Hig, b = hig Fe O1p a;f,Tb
where

arp anday; 1, are as for slug SHL

hiy and Fs are as for bubbly SHG

and

Hig.bubis as for slug SHG.

Annular Mist Flow

SHL (superheated liquid, AT < 0)
Hit = Htannt Hitdrp
where

Hifann = 3.0x 16 &gf,annF10

where

RELAP5-3D/1.3a

(4A-6)

(4A-7)
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RELAP5-3D/1.3a

8fann = Efr‘%in‘ﬁl —ag)"?
Camn = (3001) /% (2.5)
D = hydraulic diameter
O = max (0.0,0¢F;1)
Fiy = y max [0.0, (1 - &)] exp (-G, x 10°A%)
Ce = 4.0 horizontal

= 7.5 vertical
A = i horizontal flow

Verit

= ?/i:tg vertical flow
Vg = max (|y - vgl, 109)
Verit = max ED.S[(pf _pzﬁ)) gi(:]geApipe} l/2(1 —cosh), vy — vy 107, 10‘3°§

(horizontal) [see Equation (3.1-2)]

3.2(0*g(pi =PI " . .
= 3 g (vertical) [see Equation (3.2-20) and (3.2-22)]

Py
o = max ©, 107)
G = 104 Rg*
a;Ps|Vve D
R = L
& Mt
y* = \ Gg>GSA ande <Ogfg
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RELAP5-3D/1.3a

= 1 otherwise
_ Oy =Opp.
Y Ogr—0ap
1
y
0 : - a
0 1_uEF 1_GAD 9
aaDp = 104
age = max [20zp, min (2.0 x 163 %}, 2 x 10%)]
f
F = min (1.0 + A[Y2 + 0.05 4|, 6)
10 - . . )
2x104 67
4 -
OEF Fio
2x10°] 2
1 I I I [0)
104 10T b 0 (gl s po A
and
K
Hif drp = d_dF12F13agf, drp
_ . . _1 0
dy = characteristic droplet dlamet%L = édmaﬂ
= We 9 we = 1.5 we = max (Weo, 1019
pgvfg
02 _ ma){ 2 We o i|
fg fg pgmin(D'O(fltj/?’, D)
vfg = v:g 0(f106 o < 10°
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RELAP5-3D/1.3a

Ofq =

Oap =

Fi3

agf,drp

For an annulus component and a multid component (no drops optjor)y; anday = 0.

SCL (subcooled liquid,

Hit = Htannt Hitarp

where

INEEL-EXT-98-00834-V4

V:g as > 10°

Vig (1 - F11y) Og > 0gp andas <Ogg
Vig (1 - F1p) otherwise

Vg i

0.0025 m

=0+ ]
max fia,” Uapg

dapY + 10° (1 -y) Og > 0sp andas < ogp

OAD otherwise
1+& (250 + 5@)

max (0, -ATgp
3000

Fio
1000 F12=1.0

ATt 4 0 o
-10.0

AT
2.0 + 7.0 min [1.0+ Coumax(Q ATs) 8.0}

Pig

3.60
d fcJl(:l-—O‘ff) .
d

ATSf > O)

-10
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RELAP5-3D/1.3a

Hifann = 10° PCpt \% &f,annF10
where

3gt.anna@nd R are as for annular mist SHL

and
k
Hitarp = d_; F13 &t,drp

where
3yt.drp F13 and ¢ are as for annular mist SHL.
For an annulus component and a multid component (no drops optor)y; andasy = 0.

SHG (superheated vapor/gas, ATgy <0)

Hig = Hg.ann* Hig,drp

where
kg .8
|"ig,ann = 50-023 Ré Ayt ann10
where
D
Reg = O(9pg|Vg_Vf|ﬁ'g

F10and @fannare as for annular mist SHL, and

k ,
Higap = CTZ’(Z-O"' 0.5 Réls)agf,drp

where
dq is as for annular mist SHL
(1—Gfd)2'spg\7fgdd _ Wee 0(1_0‘fd)2'5

Rey = Hg HgVrg
We = 1.5 Wes = max( Weo, 10

-11 INEEL-EXT-98-00834-V4



RELAP5-3D/1.3a

f, drp = 3yf drp O 2 0ap
_ a¢Fy, *
= agf,drp[T +(1- F14)} Of <Qap
Oap

agf.drp Ord: V1, @ndatp  are as for annular mist SHL, and

Fi4 = 1.0 - 5.0 min [0.2, max (BTsy)].
1
Fia
0 | ATgqy
0.0 0.1 0.2

For an annulus component and a multid component (no drops opton)y; andasy = 0.

SCG (subcooled vapor/gas, ATgy >0)
Hig = Hg.ann* Hig,drp (4A-9)

where
Higann = higagt,ann F10 F6
where

hiy and Fs are as for bubbly SHG anga,and Fgare as for annular-mist SHL

and
Higarp = hig agt,arp Fo
where

a;,f,drp is as for annular mist SHG,

and hy is as for bubbly SHG.

For an annulus component and a multid component (no drops optjor)y; anday = 0.

INEEL-EXT-98-00834-V4 -12



RELAP5-3D/1.3a

Inverted Annular Flow

SHL (superheated liquid, AT < 0)

Hit = Htpub + Hig,ann (4A-10)

where

Hit pub is a@s for kt for bubbly with the following modifications:

2
Vig = (Vg—V¢)Fig

where
Fie = 1-Fy7
—8(ags—a
F17 - exp[ ( B;BS IAN ):| Fus
AN = aq for inverted annular
= ops for IAN/ISLG transition (se&igure 3.2-])
Fig = mln[O & 0. 999999/
1
Fig
} | o
05 0'05 ’
B = Fie
Og = Opub
_ (0 an _GB)
abub - ma Xi: (1 GB) :|
of: = F17aiaN
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RELAP5-3D/1.3a

8fbub =
db =
and

|"if,ann

where

fann T

D =

Fi5 =

SCL (subcooled liquid,

Hit = H¢pub + Hif,ann

where

3.600,,p

ds (1-ag)Fe

average bubble diameter (see bubbly SHL)

3 x 16 ay¢ ann

4
hydraulic diameter
1 -ag)t2

ATSf > O)

Hit pub IS as for bubbly SCL

and

Hif,ann

where

Raan =

3gt.annandaay are as for inverted annular SHL anglis-as for bubbly SHL.

k
50-023 R\ a1, aniFs

Vi —V
(1_GIAN)—pf| L g|D-

SHG (superheated vapor/gas, ATgy <0)

Hig = Hg,bub* Hig,ann

INEEL-EXT-98-00834-V4
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where
Hig,bub

where

hig Fe 3yt bub

RELAP5-3D/1.3a

hig and kg are as for bubbly SHG angsgpis as for inverted annular SHL

and

Hig,ann

where

agf, ann

F2o

Kg :
B Flgagf, ann

2.5 -ATg4(0.20 - 0.1\ Ty
8
6
4

2
| | 0 I AU

agf, ann
FZO

0.5 max (1.0 - F, 0.04).

Fi5and @¢annare as for inverted annular SHL.

SCG (subcooled vapor/gas, ATgy >0)

Hig is as for inverted annular SHG.

Note thatATsy> O for this case (Function §.

Inverted Slug Flow

SHL (superheated liquid, ATg <0)

Hit = Htannt Hif.drp

where

-15

(4A-13)
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RELAP5-3D/1.3a

Ki

Hifann = 5F12Flsagf,ann
where
_ 4.5 .
8fann = TD—O(B(Z.S) (2.5 is a roughness factor)
D = hydraulic diameter
— O C‘drp
o =
B 1—dgp
Udrp = (1-asp) Foq
Oga—0
F = exps —SA— gl
21 PO Ogp—OgsH

F,, is as for annular-mist SHL

and

Hif drp = d_;F12F13agf, drp
where

.60t 4,
fdp = %E‘af‘p%]- — )
dgq = characteristic droplet diamete%c(maX )
- We 9 we = 6.0, Wes = max (Weo, 10%9)
pgvfg
Vig = (vg—vf)Fgl, We = 6.0.

The drop diameter is the maximum gfahd ¢, where

Amin = 0.0025 m for P< 0.025

INEEL-EXT-98-00834-V4 -16



RELAP5-3D/1.3a

0.0002 m for P> 0.25

* P

Pcritical

The drop diameter is the minimum qf, @, and 0.0025 m.

Between P = 0.025 and P = 0.25, linear interpolation is used. However, above an equilibrium
quality of -0.02, the inverted slug interfacial heat transfer coefficieit, il linearly interpolated with

respect to equilibrium quality to a dispersed (droplet, mist) flow value at an equilibrium quality of zero.

SCL (subcooled liquid, AT > 0)

Hif = Hiannt |"if,drp (4A-14)
where

Hifann = %Flsagf, ann
where

F13is as for annular mist SCL
3yt,annis as for inverted slug SHL
and

k
Hif,drp = CT;F13agf, drp

where

3yt,drp IS @s for inverted slug SHL.
However, above an equilibrium quality of -0.02, the inverted slug interfacial heat transfer coefficient,

H;, is linearly interpolated with respect to equilibrium quality to a dispersed (droplet, mist) flow value at
an equilibrium quality of zero.

SHG (superheated vapor/gas, ATgy <0)

Hig = |"g,ann"’ |'lig,drp (4A-15)
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RELAP5-3D/1.3a

where
Hig,ann = Bg F_Zzagf, ann
where

Fi9is as for inverted annular SHG

3gf,anniS as for inverted slug SHL

_ O . Gg GgD O
Fyo = max(0.02 mnh%—-m 0.2}5
O O
0.2+
Foo 0.1
0.02} |
0 0.5
and
kg .5
Hig,drp = (Td(20+ 0.5 Rérp)agf,drp
where
dg and gt grp are as for inverted slug SHL
and
— pgvfgdd
R = T9.g-¢
&rp ™
where
We = 6.0, Weo = max (Wego, 1019),

vfzg is as for inverted slug SHL.
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RELAP5-3D/1.3a

However, above an equilibrium quality of -0.02, the inverted slug interfacial heat transfer coefficient
Hig. is linearly interpolated with respect to equilibrium quality to a dispersed (droplet, mist) flow value at

an equilibrium quality of zero.

SCG (subcooled vapor/gas, ATgy >0)
Hig is as for inverted slug SHG.
Dispersed (Droplet, Mist) Flow

SHL (superheated liquid, AT <0)

k
Hi = aiFlelngsagf (4A-16)

where

Fio and Rz are as for annular mist SHL.

Gdrp

F = — 942 pre-CHF
23 max(a;, 109
a
= ——B__— post-CHF
max(a;, 10 )
— 3'6adrp
8yt d, -
Udrp = max (@, 10°) X, # 0.0 andag = 1.0 pre-CHF
= max @, 10 %, =0.0ora #1.0 pre-CHF
= max @, 104 post-CHF
dg = characteristic drop diamete%olmaX )
_ We o _ 1
= >, We = 1.5 for pre-CHF and 6.0 for post-CHF, We= max (Weg, 10 0
pgvfg
Vfg = Vg - Vg,
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RELAP5-3D/1.3a

O
! 0 max Vf, —— We| 9 pre-CHF
Vig = E pgmin(D'ag,,, D)
0 max(,, 107°) post-CHF
[l
D" _ 0 0.0025 m

[]0.0002 m post-CHF

For post-CHF, the minimum and maximum drop size is as for inverted slug flow.

SCL (subcooled liquid, AT > 0)

k
Hi; = d_;F13F233gf

where

Fy3is as for annular mist SCL.
Foz and g are as for dispersed SHL.

SHG (superheated vapor/gas, ATgy <0)

k
Hig = 59(2.0+ 0.5 REo)Faay 0f > 0.0
d
= 0.0 a; = 0.0
where

dgand g; are as for dispersed SHL

(1_adrp)2.5pgvfgdd — We-e O-(:I-_derp)z5

(4A-17)

(4A-18)

R =

edrp Hg
Foa = max [0.0, bg (Fo5- 1) + 1]
Fos = 10° min (o, 10°)

INEEL-EXT-98-00834-V4
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RELAP5-3D/1.3a

Foe = 1.0 - 5.0 min [0.2, max (0.@&Tsg)].
1.0 — 110
Fas Fae
0.0 - | s L 0.0 1 ATgg
0.0 10° 0.0 0.1 0.2
SCG (subcooled vapor/gas, ATgy >0)
Hig = hgFe F24 3y otherwise
=0 ot = 0.0 and B< Ryiple point (4.7-19)
where
hig and F are as for bubbly SHG,
Fo4 and g¢ are as for dispersed SHG.
Horizontally Stratified Flow
SHL (superheated liquid, AT < 0)
_ ki 8 o ATpiCpy
Hy = th[0.023 R& Fip=3.81072 L= T l)}agf 0g> 0 OrATg < -1 (4A-20)
=0 otherwise
where
Dh¢ = liquid phase hydraulic diameter
= _naD (seeFigure 3.1-2for definition ofB)
B TT—0 + sind g '
_ 0 ps|[Vg—Vv¢| D
R = —rilg "=
4 M
_ 4sin@
Byt - Om O %
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RELAP5-3D/1.3a

Vg_vf 1/2.

Fa7 = 1+

Verit

SCL (subcooled liquid, AT > 0)
H; = —kL(o 023 R¢%)a, 0y >0 orAT; < -1
if th . f g f

=0 otherwise
where

Dhf, R&, and g are as for horizontally stratified SHL.

SHG (superheated vapor/gas, ATgy <0)

K 8
Hi, = D—:g[0.023 Ré +4h, Femax( 0.0 0.25-a,)]ay of >0 orATy>0.2
=0 otherwise
where
Dhg = vapor phase hydraulic diameter
= 4D seeFigure 3.1-2for definition of6)
B 8+ sind gure .
Re, - 0gPg|Vg— Vi D
Mg

hig and Fs are as for bubbly SHG angras as for horizontally stratified SHL.

SCG (subcooled vapor/gas, ATgy >0)
Hig = hg Fe ayt as >0 orATy>0.2

=0 otherwise

where

INEEL-EXT-98-00834-V4 -22
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RELAP5-3D/1.3a

hiy and Fs are as for bubbly SHG.

3yt is as for horizontally stratified SHL.

Vertically Stratified Flow

SHL (superheated liquid, AT < 0)

k
Hir = NUBfagf(l— Fso) + Hif recFao (4A-24)

where

REG

VTb

= flow regime of flow when not vertically stratified, which can be BBY, SLG,
SLG/ANM, ANM, MPR, IAN, IAN/ISL, ISL, MST, MPO, BBY/IAN,
IAN/ISL-SLG, SLG/ISL, ISL-SLG/ANM, ANM/MST, MPR/MPO (see flow
regime mapFigure 3.2-J)

= max (Rp, Fa3, F34)

= 1.0 - min (1.0, 106%)

max{OO 20mu%1€f—D 10}

1.0 15

1.0

Fa F330 5

0.0 0.0
000 dor 0002 04 06 0.8 10 12\,Tb

Taylor bubble rise velocity, Equation (3.2-16)

= OgPg Vgl +0rePs [Vl
= UgPg + OPs

= max[0.0, min (1.0, -0.ATy)]

-23 INEEL-EXT-98-00834-V4



RELAP5-3D/1.3a

1.0

L 1 1 00 | AT
-20 -1.0 0.0

D = hydraulic diameter

Nu = 0.27 (GfPr)°-2° all components except pressurizer

1

= ma{O.Sz( GPr)°% 0.15 Gr;Prf)é} pressurizer component

where
2ps |T,-79, 0.1
Gr _ gBpsD"max(| T, —T7, 0.1)
2
M
B = max @y, 10°)
_ MG
Pr = Ok §
_ Ac_ Ac _ 1
% - V AL L

where L = length of volume cell and.A cross-sectional area of cell.
SCL (subcooled liquid, ATg > 0)
H;s is as for vertically stratified SHL.

SHG (superheated vapor/gas, ATgy <0)

Hig = NU% 1(1=Fs5) + Hig recFas (4A-25)

where

Fas max (6, F33)
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RELAP5-3D/1.3a

REG, R3, and Nu are as for vertically stratified SHL, and Nu uses vapor/gas properties instead of
liquid properties

Fag = min (1.0, 0.5ATy)
1.0
Fs
05 o5 1o 15 20 25 @

3yt Is as for vertically stratified SHL.
SCG (subcooled vapor/gas, ATgg > 0)

Hig is as for vertically stratified SHG.

Transitions

Notes:

1. The abbreviations for flow regimes are defineBligure 3.1-1landFigure 3.2-1

2. Subscript “p” represents both f for liquid and g for vapor/gas phases.

3. Transition void fractions are illustratedrigure 3.1-1andFigure 3.2-1

4, These are transitions between flow regimes showabte 4.1-1
Horizontal Flow

Slug-Annular-Mist Transition

iPsic-awm [HipSLG]FSLUG[ ipANM]FANM (4A-26)

where

FANM = max {0.0, min [20 @q - apg), 1.0]}

1
FANM
7 abe o °
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RELAP5-3D/1.3a

FSLUG = max [0.0, min(1.0 - FANM, 1.0)].

Transition to Horizontally Stratified Flow

DHip DFSTRAT
H, = H 1S (4A-27)
IPREG- HS 'PREGEHipREG
where
REG = BBY, SLG, SLG/ANM, ANM, or MPR, as appropriate
FSTRAT = 58 F29 F31
.0 Vg— V¢80
F = minfL.0 ma{ 00 2 YoV }D
28 0 % Vit 4 0
1.0
Fag
0 L |Vg'Vf|

0.5 1.0 =
Verit

V¢rit IS as for annular mist SHL (horizontal)

min[l.q 2t max(0.9 16a,—1)| min [1.o,a°if— ,max (0.0, Ty - 1)]

Fag
Qer EF

10 I/I for agp

=20’

|

1.0-2x1077

N 9
10° ™ 5405
Ogg is as for annular mist SHL

Fay = min {1.0, max[0.0, 0.002(3000 - G)]}

1.0

Fa1

0 I 1
0 1000 2000 3000
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G is as for vertically stratified SHL.
Vertical Flow
Slug-Annular Mist Transition

is as forH, for horizontal flow.

iPsLc/ aNM IPsLe/ANM
Transition from Nonstratified to Vertically Stratified
See vertically stratified flow herein.

Inverted-Annular-Inverted-Slug Transition

iPiAN —isL = (HiP|AN)FIAN(Hip|SL)F|SLG (4A_28)
where

FIAN = max {0.0, min [50ap + 0.2 -0g), 1.0}

1.0 | 1.0

FIAN FISLG
0.0 | 1 % 0.0 | I ag
0.0 OB 0AB+0.2 0.0 OB 0aB+0.2

FISLG = max [0.0, min (1.0 - FIAN, 1.0)].

Transitional Boiling Regimes

= H (4A-29)

IPREG1- REG2 IPreG2

¢ (1_ Z) + HipREGZ. z

where

REG1-REG2 can represent BBY-IAN, IAN/ISL-SLG, SLG-ISL, ISL-SLG/ANM, ANM/MST, MPR/MPO
(seeFigure 3.2-1)

Y4 = max (0.0, min {1.0, 10.0 [min (1.0,4Jhdo* Tysall (0-4 -0ag)})
OAB = transition from bubbly-to-slug flow (séggure 3.2-1andFigure 3.2-2
Tgsat = Tg- T°-1.0
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Twindo = 0.06666667 for P <0.025
crit
- lp 0.025< PP <0.25
15+ 20 -0.02 rit
CHDcrit %
= 0.016666667 P >0.25
Pcrit
High Mixing Map
Bubbly-Mist Transition
HipCTB—CTM = FBUB - HipCTB+ FDIS - Hipclm (4A_30)
where
_ 0 I Og—0* 0
FDIS = maxEO.O mi El—a*—a**Dl'o}E
o* = 0.5 exp [-10.0¢4- 0.9)]
ox* = 0.05 exp [-10.0 (0.95 erg)]
FBUB = 1- FDIS.
14
FDIS

a

Q 1 1 1 1 1 1 1 1 1
00.10.20.30.4050.60.70.8 0.9 1.0 °

Modifications for Noncondensable Gas

Note: Function f, which is part of Function & represents a modification tojHor bubbly and
inverted annular SHL based on the noncondensable qualitifraction ofag which is noncondensable).
The modifications below are applied to all volumetric heat transfer coefficieptartd Hy for all flow
regimes as described.

SHL (superheated liquid, ATg <0)

INEEL-EXT-98-00834-V4 -28
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Hi; remains unchanged (except as noted above).

SCL (subcooled liquid, AT > 0)

Hit = Hi . [FaoFae + (1 — Fso)] (4A-31)
where
REG = flow regime or transition regime in question
Fag = min (10°, ag) 10°
1
Fag
0 ag
108 107 10% 10° 10*
F40 = 1-10 xr] )% < 0.063
= 1-0.938%X" 0.063% X, < 0.60
= 1-X3% %, > 0.60.
SHG (superheated vapor/gas, ATgy <0)
Hig remains unchanged.
SCG (subcooled vapor/gas, ATgg > 0)
Hig = Higueo(1 = Xo)Far (4A-32)
where
REG = flow regime or transition regime in question
Fa1 = max [1.0, min (0.0ATsg)].
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APPENDIX 4B--FLUID PROPERTIES FOR WATER AND STEAM FOR A
TYPICAL REACTOR OPERATIONAL CONDITION

Temperature = 315.56C (600°F).
Pressure = 10.640 MPa (1,543.220 psia).

hg = 1.280 x 16 J/kg (550.501 Btu/lp).

Saturation Properties

Liquid Water
Ps = 677.7 kg/mi (42.309 IR/ft3)
Cpt = 6,346.1 J/keK (1.5157 Btu/lb,+°F)
k = 0.5175 W/naK (0.299 Btu/hfte °F)
Mg = 7.996 x 10° kg/mes (5.3731 x 10 Ib,/ftes)
o = 1.086 x 107 N/m (0.744 x 15 Iby/ft).

Water Vapor (Steam)

Py = 59.94 kg/m (3.7417 I /ft3)

Cog = 7,209 J/keK (1.7219 Btu/lly °F)

Kq = 0.0796 W/mK (0.04598 Btu/hefts °F)

lg = 2.061 x 10° kg/mes (1.3848 x 10 Ib,/ftes).
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5 CLOSURE RELATIONS REQUIRED BY FLUID MASS
CONSERVATION EQUATIONS

The fluid mass conservation equations require only the mass transfer rate between thd ghtases,
closure. The code calculation &f is directly tied to the energy partitioning relationships discussed in

Section 4.7. Therefore, there is no new information to be added in this section. The entirety of the mass
conservation closure relations is addressed in Section 4.7.
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6 MOMENTUM EQUATION CLOSURE RELATIONS

This section discusses the relations necessary for closure in the momentum equation. The relations
covered are interphase friction and wall drag.

6.1 Interphase Friction

6.1.1 Basis

The semi-implicit scheme one-dimensional finite difference equation for the difference momentum
equation, Equation (2.2-7), is

C m n+ n n+ n
g+ Contl| (o1 _ymy— (up” vy

pePi]
1 n 10f n
Z%Sﬁ[( 20 (v E)K]At—égg%HVISGjAt
106 1 - .
—m}fpfar[(vf)L (vf)K]At+2g:p:ﬂV|SF At = B%;EE—QE](PL—PK) At
O ne1 ne1 [Tolomvi " =afpivg " —agpgvi )
— FWG](vy)] " —FWF (V)] Lo(Pm ZaPs
O (0gPg0tPr)" J (6.1-1)
n 1 1 d1 n+1 n+1
— (f)"H— f, f,
()] * G Lol V0] = ()i} )
+ (PmFN{ L+ £(Ci= DI (vg)] = [1+ £(Co—D)I)(vy)] '} )x; At
Py | ossav nel Ep‘fpfﬂHLossF“ N1 At
[ﬂlgpgmj GF Core ped Ve ]
+ 0P o )8 (v —yR)At
[bgpﬂ% ' oIEVL ¥
This equation contains the term
(PnFDJ{IL+ F(CL =D (vg)] " = [1+ £(Co =~ DI} (vo)] "} Ax; AL (6.1-2)

which represents the interfacial friction force. This term is the product of a global interfacial friction
coefficient and a relative velocity. The global interfacial friction coefficient FI is computed from

F . F
1

9Py P (6.1-3)

Fl =
pmVR
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where the computation of the interfacial forcead the relative velocity between the phasgsiepends

upon which of the two models for the interfacial force is being used. The derivation of this equation was
shown in Volume | (Section 3.3.6) and will not be repeated here. The coefficients in this equation are
computed from two different models, and the choice of which model to use depends upon the flow regime.
The term §{ is used to specify which form of the relative velocity is used. The two models are the drift flux

model and the drag coefficient model. These models will be summarized in the following sections.

6.1.1.1 Drift Flux Model. The drift flux approach is used only in the bubbly and slug-flow regimes
for vertical flow. The method used is discussed in Volume | (Section 3.3.6) of this manual, and it will not

be repeated here (see also Andefsbhand Ishif-1-2 6-1-3 The final equations for the interphase friction
force are

Fi = Ci|VR|VR (61'4)

_ 0407 (P; —Pg)gsing,

(6.1-5)
Vil Vi

VR = ClVg—COVf (61'6)

where g is the gravitational acceleratigiis the inclination (vertical) angle of the junction, ang| s the
vapor/gas drift velocity. The vapor/gas drift velocity;wsed in Equation (6.1-5) and the profile slip
distribution coefficient G used in Equation (6.1-6) are determined from a given geometry and flow
condition. As discussed in Volume I, the termuGed in Equation (6.1-6) is given by

1-—
C, = %} . (6.1-7)

6.1.1.2 Drag Coefficient Model. The drag coefficient approach is used in all flow regimes other
than vertical bubbly and slug-flow. This is also discussed in Volume | (Section 3.3.6) of this manual. For
this case,,f= 0. Thus Equations (6.1-4), (6.1-5), and (6.1-5) become

Fi = Cilve|vr (6.1-8)
G = %pCSFangD (6.1-9)
VR = Vg— Vi (6.1-10)
where
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Pc = density of the continuous phase

Cp = drag coefficient

gyt = interfacial area per unit volume

Se = shape factor, assumed to be unity (1.0), since rippling is assumed to not be a

factor for interface drag.

The 1/8th factor in Equation (6.1-9) occurs as the result of the usual 1/2 factor being multiplied by
1/4. The 1/4th factor occurs because drag coefficients are based on projected ame3)(aad gt is the

surface area anrz). To determine the interphase drag per unit volume, the combinatiop @h@ g must
be used.

6.1.2 Code Implementation

The interphase friction model is used to determine the interphase friction terms and the distribution
parameters in the difference momentum equation. The interphase friction terms FIGJ and FIFJ, are
calculated in subroutine VEXPLT, which calculates the sum and difference momentum equations. These
terms, which are only used in the difference momentum equation, are of the form

10
FIGI = H=— + =L [F1J« (|C1s \,—CO+ V}|C1+ 0.0)AX + FIDXUP 6.1-11
gt P (010 i 94X, ] (6.1-11)
FIFJ = %1_ +ig- [FIJ+ (|C1e \};—CO+ V| CO+ 0.0)Ax; + FIDXUP] (6.1-12)
gpg O Ps

The interphase friction terms, FIGJ and FIFJ, make use of the term FIJ, which is determined in subroutine
FRICID. The term FIJ is set equal to the term FIJX, which is determined in subroutine PHANTJ. It can be
shown that FIJ is equivalent tq,@vhere Gis determined from either Equation (6.1-5) or Equation (6.1-9).
The term FIJ is determined for each junction from different models depending on what flow regimes are
calculated for the junction (see Section 3).

The distribution terms CO and C1 in Equations (6.1-11) and (6.1-12) are determined from the drift
flux model distributions parameterg @nd G and the term,f They have the form

COo=1+f(Cy—-1) (6.1-13)
and
Cl=1+f(C,-1) (6.1-14)
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In subroutine VEXPLT, the terms FIGJ and FIFJ from Equations (6.1-11) and (6.1-12) are both
multiplied by the time step sizAt. When the resulting terms are multiplied by the new time velocities
vgj+l and vg” , respectively, it can be shown that the difference between the resulting terms is equal to

(6.1-2) plus two extra terms, where Fl is determined from Equation (6.1-3). The first extra term arises
because Equations (6.1-11) and (6.1-12) contains the constant 0.01, which results in an extra term of the
form

01 4 1 Or300.00(v™ P=v" HAx At 6.1-15
g, g 009G Vi) (6.1-15)

This provides a friction force when the absolute value of the old time relative velocity
(Cle V;;—CO0- v;) is small (i.e., less than 0.01 m/s)

The second extra term arises because Equations (6.1-11) and (6.1-12) contain the term FIDXUP. This term
is a result of the extra interphase friction termefy, discussed in Section 7.1.1. This term is used in the

abrupt area change model to add extra interphase friction to ensure more homogeneous flow when the flow
becomes more increasingly cocurrent.

Some void fraction weighting is used between the two volumes to handle the case of countercurrent
flow. This approach follows the method used in TRAC:B46-1° A junction void fraction (ay ;) is

calculated from either of the volume void fractions of the neighboring volurogs ©r ag ) using a
donor direction based on the mixture superficial velocity (A cubic spline weighting function is used to
smooth the void fraction discontinuity across the junction whgh<j 0.465 m/s. The purpose of this

method is to use a void fraction that more closely represents the real junction void fraction. This has the
form

a;,j = Wi dg g+ (1-wj)e oy, (6.1-16)
where
W = 1.0 h > 0.465 m/s
= X2(3=2x,) - 0.465 m/s j, < 0.465 m/s
= 0.0 i < - 0.465 m/s
y _ j, +0.465
! - 0.93
jm = dg’jvg’j+df’jvf’j.
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For horizontal stratified flow, the void fraction from the entrainment/pull through (or offtake) model
is used. The case of vertical stratified flow is discussed in Section 6.1.3.8. The junction mass flux is then
determined from

Gj = Oy Py, i|Vg | + O, iPrj|Vi | - (6.1-17)

Then, depending on whether the volume is vertical or horizontal, the appropriate flow regime is
determined. The flow regime is the same as the one used to determine the interfacial heat transfer

coefficients, except that junction properties (usually based on the donor direction, exce@tjfor ) are
used. The diameter used in these calculations is the junction diamgter (D

The physical junction diameter is used in many of the interphase drag models. This diameter, D
calculated from the equation

D; = DJE%TEVZ (6.1-18)
where

D = code junction diameter

At = physical junction area

A = code junction area.

For each RELAP5-38 flow regime described, the model basis for either the drift fluoCthe G
from the combination of g and g and the code implementation will be described next.

6.1.3 Individual Interphase Friction Models

The individual models for bubbly, slug, annular mist, inverted annular, inverted slug, and dispersed
flow regimes are first discussed in the following sections. The models for stratified flows are then
discussed, followed by a discussion of the models for transition regions between the flow regimes.

6.1.3.1 Bubbly Flow
6.1.3.1.1 Model--The bubbly and mist flow regimes are considered dispersed flow. For vertical

bubbly flow, the drift flux model is used. For non-vertical bubbly flow and all droplet (mist) flow
situations, the drag coefficient model is used.

The drag coefficient model will first be discussed. According to Wa#i§ and Shapir§:1’ the
dispersed bubbles or droplets can be assumed to be spherical particles with a size distribution of the
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Nukiyama-Tanasawa form. The Nukiyama-Tanasawa distribution function in nondimensional form is (see
Volume I, Section 3).

pr(d*) = 4d? e2® (6.1-19)

where d* = O—? +d’ is the most probable particle diameter, andspthe probability of particles with

nondimensional diameter of dwith this distribution, it can be shown that the average particle diamgter d
= 1.5 d’, and the surface area per unit volume is

_ea[d7PHdT 5 4q
d' J’dE?pEbldD d

8y (6.1-20)

wherea = Og for bubbles and = o for droplets. In terms of the average diametgy,tte interfacial area
per unit volume,@, is

% =g (6.1-21)

The average diametey ¢ obtained by assuming thaj d (1/2) d,,a The maximum diameter g,
is related to the critical Weber number, We, by

dmaxpc(vg — Vf)2
o

We = (6.1-22)

The values for We are presently taken as We = 10.0 for bubbles, We = 3.0 for pre-CHF droplets, and
We = 12.0 for post-CHF droplets, these values being based on the maximum digpgter, d

The drag coefficient to be used in nonvertical bubbly flow and all droplet flow situations is given by
Ishii and Chawl&!8as

_ 24(1+ 0.1R&™)

Co Re, (6.1-23)
for the viscous regime where the particle Reynolds numhgisRiefined as
Re, = pclvgu— vildo (6.1-24)
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The density p, is for the continuous phase and is givenyfor bubbles angy for drops. The

mixture viscosity Uy, IS Uy = He for bubbles andy,, = a

o Chi

for pre-CHF droplets. For post-CHF

droplets iy, = Hg is used.

For vertical bubbly flow, the interphase friction terms are calculated using drift flux correlations

from the literature based on Putney’s w@rk36-1-106.1-116.1-126.1-13 Taple 6.1-1 indicates which
correlations are used for different geometry and flow conditions. The number in parenthesis is the value of
the minor edit/plot variable IREGJ, the vertical bubbly/slug flow junction flow regime number. The name
in parenthesis is the subroutine used to calculate the correlation. It should be noted that the EPRI
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correlation implementation has some differences between bundles and pipes; this is discussed later in the
manual .

Table 6.1-1Drift flux void fraction correlations for vertical bubbly-slug flow.

Flow rates Rod bundles Small pipes Intermediate Large pipes
D <0.018m pipes 0.08m <D
0.018m <D<
0.08m
High upflow rates EPRI (2) EPRI (3) EPRI (9) Churn-turbulent
G>100 (eprij) (eprij) (eprij) bubbly flow (14)
kg/mé-s transition (15)
. Kataoka-Ishii (16)
Medium upflow Transitior? (5) Transitior?! (13) (katokj)
rates
50 kg/nf-s < G <
100 kg/nf-s
Low upflow, Zuber-Findlay Churn-turbulent
downflow, and slug flow (4) bubbly flow (10)
countercurrent (zfslgj) transition (11)
flow rates Kataoka-Ishii (12)
- 50 kg/nf-s< G (katokj)
< 50 kg/nf-s
Medium Transitio? (5) | Transitiof (13)
downflow rates
-100 kg/nf-s < G
<- 50 kg/nf-s
High downflow EPRI (3) EPRI (9)
rates (eprij) (eprij)
G < -100 kg/nf-s

a. Interpolation is applied between different flow rates in pipes.

The correlation labeled EPRI is by Chexal and Lellougfi&* The correlation has been recently

modifiec®1196-1-16 and many of the changes have been incorporated into RELAF5-30he
distribution coefficient gis calculated from

L
Co = r (6.1-25)
7 Ko+ (1—Ko)(ay)

where
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Re

R

R&

Jf

*

max(a ;, 107)

min(1 -ag, 102)

1-exp(—04C)) ifrgCp < 170
1 otherwise
1-exp-G) ifg< 170
1 otherwise
L,
Lq
‘ 4|:’grit
P( I:)crit - P)

critical pressure

By + (1- B E%’Bl

min (0.8, A)

1

0 : Re MU
1+ expjma{— 85 mip; 85- }D
5 % 60,000 5

Rg if Rg > Rg or Rg <0
Re otherwise

Pt)¢ Dy,
Hs

pgngh
Hg

OfVs (liquid superficial velocity)

6-9

(local liquid superficial Reynolds number)

(local vapor/gas superficial Reynolds number)

RELAP5-3D/1.3a
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ig OgVg (vapor/gas superficial velocity)

1+ 15709
e

T 1-B,

The sign of | is positive if phase k flows upward and negative if it flows downward. This convention
determines the sign of ReRg, and Re.

The vapor/gas drift velocityg for the Chexal-Lellouche correlation is calculated from

=1 41[(pf pg)ogTMc C,CsCa (6.1-26)
where
C = (1-ay)™ if Rg > 0
= (1—0(9)0‘5 if R%< 0.
C, = 1 ifS—; >18and G> 1
= 1 if> > 18 and G<1and G> 85

g

1 . Ps
= s if— >18and G<1and G< 85
T exq_G) 0, 2 € ¢
0.7
- 0.475‘{In E&E} it 2 <18
q:)g pg
1/2
C - [150@—95}
5 Cp;J
_ C5
Ce - 1-C;
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_ 1 :
- 1—exp(-G) TG<1
_ (P
7 = ‘b0
D, = 0.09144 m (normalizing diameter)
_ &
Cq = i-cC,

The parameter £depends on the directions of the vapor/gas and liquid flows:

Upflow (both | and } are positive)

Cs = ma>{0.50 2xpd 38 D]

Downflow (both j and j are negative) or countercurrent floy i§ positive, § is negative)

_ §1o|jBz
C3 = ZDTD
1
B2 = 4
%l_ + 0.0#ﬂ f
350,00
_ (IRe|) © 0.035 —|Re [lez [PlDO'l 0.001
Co = 2e’('0[350,000 ~1.7Re| eXp[eo,oocDD D} *opo [Rel
D, = 0.0381 m (normalizing diameter).

The parameters{C,, Cg, Cy, ..., G are from the Chexal-Lellouche correlatfoiy14 6-1-196.1-16

The correlation labeled Zuber-Findlay slug flow is by Zuber and Finfiity?6-1-18The distribution
parameter is given by

Co=1.2 (6.1-27)

and the drift velocity is given by
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_ DAY/2
vy = 0.35[(—917)99)—9—} . (6.1-28)
f

The correlation labeled Kataoka-Ishii is by Kataoka and I&Ait? The distribution parameter is
given by the modified Rouhani condit®t?Cused in TRAC-BF%1-%1

/2
C, = c{x,-(c(,o-l)%%1

_ p(gD)”* 17"
1+oz[|G|+0001} (6.1-29)

and the drift velocity is given by

. —0.157 _ 1/4 .
vy = 0.001¢ D)O'BOQEE—QE N;?'SGZ[M} for D' <30
f

-0.157 ag(p; - Py) 1?; . (6.1-30)
: oosﬁgD ‘0562[ i } for D" >30
pf
where the Bond number, Dis given by
_ 1/2
D* = D[M} (6.1-31)
and the viscosity number, N is given by
Hs
N, = . 6.1-32
H 0 o 1/2D1L/2 ( )
O' —
P [g(pf —pg)} a

The correlation labeled Churn Turbulent Bubbly Flow is by Zuber and Firfifay/®118 The
distribution parameter is given by the modified Rouhani correffidRused in TRAC-BF3:1-21

/2
Cy = c(,c,—(cm—1)E’ﬁ%1
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172 _1/2

= 1+oz[|pf(g ) 1} [Equation (6.1-29)]

Gl + 0.00

and the drift velocity is given by

— 1/4
vy = 1.41[@} . (6.1-33)
Ps

For intermediate pipes (low upflow, downflow, and countercurrent flow rates) and large pipes (all
cases), the churn turbulent bubbly flow correlation is applied when

o = lg < jo. = 0.5 6.1-34
g |:O'g(pf_pg):|l/4 = o =% (6.1-34)

pr
where | = aglvg| is the vapor/gas superficial velocity. The Kataoka-Ishii correlation is applied when
ig = g2 (6.1-35)

wherejg2 = 1.768. Linear interpolation is used between the two correlations.

Putney has also placed a countercurrent flow limitation (CCFL) on the drift flux parameters. The
limitation is based on the Kutateladze condition

|Kug|1/2+ m|Kuf|l/2 = Kug (6.1-36)
where
1/2
Kug — AgVgPg
[og(p; —pg)] ™"
K _ O‘fopfl/2
Ut - 1/4
[og(ps —pg)]
m = 1
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and Kyt (using linear interpolation) is given biable 6.1-2 This table for Kiy,;; as a function of Dis

from Wallis and Makkenche¥1-22 This has been used successfully in the RELAP-UK ¢4é2 The
value of m = 1 was also used in the RELAP-UK code.

Table 6.1-2Values of Kuyi.

D* KU ¢t
<2 0
4 1.0
10 2.1
14 2.5
20 2.8
28 3.0
>50 3.2

On the flooding curve, the drift flux parameters satisfy the relationship

(1_agCO)COKucrit 0
Vg = -7 : : (6.1-37)
CoeT "4 m?(1- 01, Cy)

[(pf = ng)gc}l/“

This flooding limit for v; is applied for mass fluxes (G) larger than 100 k@v’snand forog > 0.5.

Linear interpolation is used down to a mass flux of 50 k@smnd toog = 0.3, at which point the normal
drift flux correlations are used.

The rationale for selecting which correlations are used for a given physical situation is presented by
Putney inReference 6.1-9though some of Putney’s original selections have been modified based on the
developmental assessment. Putney first considers correlations for cocurrent upflow (both rod bundles and
circular channels) and then considers down and countercurrent flows (both rod bundles and circular
channels).

For cocurrent upflow in rod bundles, Putney’s literature search, based on comparisons with

experimental data, indicates that the Bestion correl&titifand the EPRI correlatiént1were the best
available void-fraction correlations for rod-bundle geometilable 6.1-3andTable 6.1-4are taken from

Putney’s repoff’rl'g and summarize the rod-bundle tests used in the validation of the two correlations
reported in the literature. Putney concludes that the EPRI correlation appeared to have been validated
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against high-flow experiments.

RELAP5-3D/1.3a

Table 6.1-3Separate-effects tests used in validation of EPRI drift flux model.

Type Test Geometry Flow Pressure | Voidfraction
and conditions (bars) range
hydraulic and rate
diameter (kg/m?ss)
(cm)
High pressure, FROJA; Rod bundle | 95610 1,853 40 to 64 Oto 1.0
high flow FRIGG; CISE; 10to 4.7
Kasai et al.
Kasai et al. Boiling tube | 278 to 1,667 68.7 0t0 0.8
1.5
High pressure| ORNL TLTA Rod bundle Level swell 40, 75 0t0 0.8
low flow 1.23 3t030
GEC TLTA Rod bundle Boildown 13, 27,54 0to 0.8
Low pressure, Hall et al. Rod bundle Level swell 1,2,3,4 0t0 0.3
low flow
Pipe above Level swell 1,2,3,4 0to 0.5
bundle 10.5
FLECHT Rod bundle Boildown 1,3, 4 0t0 0.8
SEASET
THETIS Rod bundle Level swell 2,5, 10, 20, 40
0.91
Natural FIST Rod bundle Natural 72
circulation circulation
Large pipe Hughes Pipe 16.8 5.7t033.4 82,97, 124, 0to 0.6
114 to 341 166
Carrier Pipe 45.6 Stagnant water 41,55, 69,83, 0t00.8
97,138

a. Average values for a series of tests.

Table 6.1-4Rod bundle tests used in validation of Bestion drift flux m8del.

Test Flow condition Pressure (bars)
Pericles Level swell Low
Ersec Boildown 6

6-15
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Table 6.1-4Rod bundle tests used in validation of Bestion drift flux m8d€ontinued)

Test Flow condition Pressure (bars)

G2 Boildown 3, 27,55

a. Tests shown are those reported by Bestion and were carried out using the CATHARE code.

The two correlations were next compared against ORNL THTF level swell %42 Predicted
values of the level swell parameter for these tests are givefable 6.1-5and compared with the
measured values. Also shown are the errors (differences) in the predicted values and compared against the
uncertainty in the measured value. The RELAP5/MOD2 results shown were obtained by applying
Equations (2), (5), and (6) iRReference 6.1-9in conjunction with the code’s models for wall and
interphase friction (the resulting void fraction being found by iteration). A similar method was used to
obtain the results with profile slip, except that Equation (23) was used to calculate the relative velocity in
Putney’s Equation (5) for the bubbly and slug regimes (but not the transition regime between the slug and
annular-mist regimes). The EPRI drift flux correlation was used to provide the distribution coefficient for
this calculation.

Table 6.1-5Level swell results for ORNL THTF tests.

Calculated level swell and error in calculated level swell (m)
Test Measured | EPRI Bestion | Analytis- RE;[’;;’ > | RELAPS-
level swell Bestion 3D° with
and profile slip
tolerance
(m)
3.09.101 1.3t 0.08 | 1.40+0.10f 0.98-0.32 1.25-0.05 2.62+1(32 1.83+0.53
3.09.10J 0.630.05| 0.70+0.07f 056-0.0fy 0.76+0.13 147+0|84 1.00+0.37
3.09.10K 0.38+ 0.24 0.20-0.18 0.17-0.21 0.25-0.13 0.46 + 0{08 0.38 + (.00
3.09.10L 0.93+0.12| 094+0.01] 0.81-0.12 1.04+0.11 1.64+0}71 1.22 +0.29
3.09.10M 0.54+ 0.05 0.49-0.05| 048-0.06 0.65+0.11 0.97+0{43 0.74+0.20
3.09.10N 0.2G: 0.24 0.18 - 0.02 0.19-0.01 0.28+0.08 0.38+0j18 0.34+0.14
3.09.10AA | 0.98+0.04 | 1.12+0.14| 0.81-0.1y 1.06+0.08 2.21+1{23 1.43+0.45
3.09.10BB| 0.53+0.03 | 0.56+0.03] 045-0.08 062+0.09 1.23+0{70 0.85+0.32
30910CE | 0.29+0.02 | 0.46+0.17| 0.37+0.08 052+0.23 1.05+0[76 0.74+0.45
3.09.10DD| 0.5#0.04 | 0.62+0.05 0.61+0.04 0.80+0.23 1.14+0}57 0.87+0.30
3.09.10EE| 0.320.03 | 0.37+0.05] 0.39+0.0f 054+0.22 0.75+0{43 0.60+0.28
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Table 6.1-5Level swell results for ORNL THTF tests. (Continued)

Calculated level swell and error in calculated level swell (m)

Test Measured EPRI Bestion Analytis- RE;S‘(S > RELAPS-
level swell Bestion 3D° with
and profile slip
tolerance
(m)
3.09.10FF 0.16 0.03 0.18+0.02] 0.20+0.04 0.28+0.12 0.37 +0{21 0.33+0.17

a. Posttest analysis shows the data from this test to be of poor quality. Significant emphasis should therefore
not be placed on these results.

The results referred to as Analytis-Bestion were obtained by applying the Bestion correlation with a
coefficient on y; equal to 0.124 rather than 0.188. This value was found by Anéii€to give better
agreement with boildown tests on the NEPTUN facility, when the correlation was used to calculate

interphase drag in TRAC-BD1/MOD1. Analytis and Richh&®’ subsequently used this model in a
version of RELAP5/MOD2 and obtained a dramatic improvement in the code’s prediction of liquid
carryover in low flooding rate reflood experiments in NEPTUN.

Examination ofTable 6.1-5reveals that the EPRI correlation provides the most accurate prediction
of level swell. In fact, if the results for Test 3.09.10CC are discounted for the reason given, the EPRI
prediction can only be said to lie significantly outside the uncertainty in the measurement on one test
(3.09.10AA). The Bestion correlation also performs quite well and leads to a better prediction than the

Analytis-Bestion correlation in the majority of cases. In general, the RELAP3-3hodel provides a

poor prediction of level swell. The results are a lot better when profile slip is included, but are still
significantly worse than those from the drift flux models.

The correlations were next compared against THETIS level swell&€5t€ This was done for the
EPRI, Bestion, Analytis-Bestion, and RELAP5/MOD2 models. As before, the RELAP5/MOD2 models
led to a significant overprediction of the mixture level, though an improvement was still obtained when
profile slip effects were included. The results for the drift flux models are summarizadl&6.1-6

Table 6.1-6Errors in calculated mixture levels for THETIS tests.

Mean error in calculated RMS error in calculated
mixture level (%) mixture level (%)
Pressure | Collapsed EPRI Bestion Analytis- EPRI Bestion Analytis-
(bars) liquid Bestion Bestion
level (m)

40 1.92 8.2 8.1 14.4 8.4 8.3 14.6
40 2.30 4.0 3.7 10.0 4.4 4.1 10.9
40 2.62 -1.2 -14 5.3 1.3 1.6 54
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Table 6.1-6Errors in calculated mixture levels for THETIS tests. (Continued)

Mean error in calculated RMS error in calculated
mixture level (%) mixture level (%)
Pressure | Collapsed EPRI Bestion Analytis- EPRI Bestion Analytis-
(bars) liquid Bestion Bestion
level (m)

20 1.89 8.3 14 9.7 8.5 2.2 9.9
20 2.12 3.9 -3.2 5.0 5.9 4.0 6.3
20 2.62 0.8 -3.9 24 11 4.5 2.5
10 1.45 4.8 -5.0 0.8 55 54 1.0
10 2.07 21.3 -6.0 55 23.0 6.8 6.1
10 2.25 3.6 -8.7 -1.8 5.1 9.2 2.8
5 1.19 -1.9 -10.7 -6.8 4.5 12.6 8.7
5 1.48 12.0 -8.6 -0.7 14.7 9.0 25
5 1.92 12.8 -12.6 -3.5 154 13.3 4.4
2 1.18 4.2 -11.2 -3.4 6.3 12.0 4.3
2 1.56 -5.9 -24.3 -15.9 7.6 25.7 17.2
2 1.88 1.3 -14.8 -6.6 4.7 16.6 8.6

All All 51 -6.4 11 9.6 10.7 8.2

In general, the mixture levels predicted by the three models are very good, and there is probabily little
to choose between them. Overall, the Analytis-Bestion correlation is slightly more accurate on the tests
than the EPRI correlation, which is slightly more accurate than the Bestion correlation. The
Analytis-Bestion correlation does particularly well for the tests carried out 10 bars, but tends to
underpredict as the test pressure is reduced and overpredict as it is increased (hence, the very low mean
error). A similar effect is evident with the Bestion correlation, except that the best results are obtained at a
pressure of around 20 bars. The accuracy of the EPRI correlation, however, does not seem to be pressure
dependent.

Finally, the correlations were compared at high-pressure, high-flow conditions that are typical of
those prevailing in steam generators during normal operation. The EPRI correlation has been validated
against a variety of bundle experiments (FROJA, FRIGG, CISE) in this ared@bé= 6.1-3. The void
fractions obtained by applying the RELAP5/MOD?2 interphase drag model with profile slip effects
included compare extremely well with those obtained from the EPRI correlation. This reflects the fact that
profile slip is dominant for the conditions examined, as the distribution coefficient provided by the EPRI
correlation was used to evaluate profile slip terms. This coefficient varied between 1.10 and 1.13, which is

not very different from the value assumed in the RELAP523Dnodel without profile slip (i.e., unity),

and explains why this model does not perform so badly. Although the distribution coefficient used in the
Bestion and Analytis-Bestion correlations (1.2) is slightly closer to the EPRI value, these correlations do
not perform well.
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In summary, the EPRI correlation was selected based on its wider range of validation, better
accuracy when compared to ORNL THTF tests, and better performance against FROJA, FRIGG, and
CISE high-pressure, high-flow tests.

For cocurrent upflow in circular channels, Putney first considered low flows in small tubes,

intermediate pipes, and large pipes. For small tubes, the Zuber-Findlay slug flow corfetati6ri-18

was selected, based primarily on a good performance against a series of level swell tests carried out in a
1.25-cm tube at AERE Harwell. For intermediate pipes, the Kataoka-Ishii corrdidtictwas selected,

based primarily on the wide range of pool data used to validate the correlation. For large pipes, Putney

originally selected the Gardner correlaffor?® over the Kataoka-Ishii correlati6r1° and the Wilson

correlation§'1'30although the selection was not conclusive. Putney later removed the Gardner correlation

and replaced it with the Kataoka-Ishii correlation. This removed another discontinuity without significant
loss of accuracy. Putney also found it was necessary to include the Zuber-Findlay churn turbulent bubbly
flow correlatior?1-1%6-1-18 5t |ow vapor/gas fluxes in order to match the 1-foot GE level swell®ést:

which was used in RELAP5/MOD2’s developmental assessfEatFinally, it was necessary to use the
Zuber-Findlay churn turbulent bubbly flow correlation and the Kataoka-Ishii correlation for large pipes in
high-flow situations, as well, to match the Marviken t€st$36-1-34that are also used in RELAP5-8D's
developmental assessment. The EPRI correlation did not work well for these tests.

For down and countercurrent flows in rod bundles, Putney selected the EPRI correlation in order to
ensure that there will be no discontinuities in the interphase drag when a change in flow direction occurs.
This was the best he could do, given that no void fraction data appropriate to this situation were available.

For downflow in circular pipes, Putney selected the EPRI correlation based on the downflow

validation using Petrick’s dathl™3® For countercurrent flow in circular pipes, he selected the
Zuber-Findlay slug flow correlation for small pipes and the churn turbulent bubbly and Kataoka-Ishii
correlations for intermediate/large pipes in order to ensure that no discontinuities occur in the interphase
drag model when a change in flow occurs.

6.1.3.1.2 Code Implementation-- The coefficients for the bubbly regime interphase friction, as
coded in the PHANTJ, FIDIS2, and FIDISJ subroutines, are tabulated in Appendix 6A. For non-vertical
bubbly flow, Appendix 6A shows the interphase area per unit voluget@have the same form and

coefficient as Equation (6.1-21). The relationship fgs &@lso has the same form and coefficient as

Equation (6.1-23). The manual mentions a critical Weber number of 10 for bubbles, while Appendix 6A
shows the code using a value of 5. The difference is based on using an average diameter instead of a
maximum diameter.

For vertical bubbly flow, the coding matches the equations forGg, vy and \k. Appendix 6A

shows that the same equations are used, but limits are used to prevent computational problems. Subroutine
FIDISJ is the driver subroutine for vertical bubbly flowable 6.1-1, in addition to indicating which
correlations are used for different geometry and flow conditions, shows the names of the subroutines (in
parentheses) used for particular correlations. The number indicated in each box is the number stored in the
variable IREG in subroutine FIDISJ and eventually in the variable IREGJ in subroutine PHANTJ. The
user can then minor edit/plot the variable IREGJ.

For rod bundles, subroutine EPRIJ is called for all flow rates, and the EPRI correlation is used.
Various limits have been placed on variables to prevent computational problems that were not indicated by
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Chexal and Lellouch@1-146-1-156.1-17 ey amples are placing an upper bound of 85 and a lower bound of
-85 on exponential functions.

For small pipes (B< 0.018 m) and low flow (|G| < 50 kg/?'ns) or countercurrent flow, subroutine
ZFSLGJ is called, and the Zuber-Findlay slug flow correlation is used. Appendix 6A shows;thdt Zis
modified by the factol—e ¢ whef,, > 0 (boiling due to wall effects). This factor is due to i3
and is also used in TRAC-BF%t}2! This factor correctly results in £having a near-zero value at the
beginning of the two-phase flow regioadnear zero), matching developing flow data (& 5< 0.25), and
matching the fully developed correlation from datg & 0.25). Finally, astg — 1.0 , a ramp beginsj

=0.8suchthaC, - 1 andy; - 0 . Forsmall pipes and high flow (|G| > 100 kg)nsubroutine EPRIJ
is called, and the EPRI correlation is used as discussed in the rod bundle section. For small pipes and

medium flow (50 kg/mes < |G|< 100 kg/nfss), linear interpolation is used in this transition region (see
Appendix 6A) in subroutine FIDISJ.

For intermediate pipes (0.018 m <$£0.08 m) and low flow or countercurrent flow, subroutine
KATOKUJ is called. The following three possibilities can occur, based on the dimensionless vapor/gas flux

js Equation (6.1-34):

1. For jg < 0.5, the churn turbulent bubbly flow correlation is used. The correlation used for
Cy is the modified form of the Rouhani correlation that is used in TRAC-BF1.

2. Forj; >1.768, the Kataoka-Ishii correlation is used. Again, the correlation usedyftar C
the modified form of the Rouhani correlation that is used in TRAC-BF1.

3. For the region0.5< j;<1.768 , linear interpolation is used (see Appendix 6A) to
calculate y;. There is no need to interpolate, Gince it is the same for both (modified
Rouhani).

The scheme adopted is based on the statement by Kataoka afid fstifiat conventional drift flux
correlations perform well for low vapor/gas fluxes satisfyijrég; 0.5 and air-water data obtained by Baily

et al®1-36for vessels with diameters of 15.3, 30.4, and 61.0 cm. Kataoka and Ishii present these data in the
form of ana versusj; plot. Forj; <0.5 , the data are consistent with the churn turbulent bubbly flow

correlation; and forj; >1.0- 2.0 , they are consistent with the Kataoka-Ishii correlation. The code uses
1.768. In the region in between, the void fraction is fairly constant with respejét to ;thus, aninterpolation

based orj; can be used.

Originally, just the Kataoka-Ishii correlation was used; but Putney found it necessary to include the
churn turbulent bubbly correlation at low vapor/gas fluxes to improve the comparison for the GE level

180,

swell test€-1-31 As with the Zuber-Findlay slug flow correlation @ modified by the factorl — e
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whenl,, >0, and axiy ~ 0 ,aramp begins@} = 0.8  sucht@at- 1 aj)d- 0 . For intermediate

pipes and high flow, subroutine EPRIJ is called and the EPRI correlation is used, as discussed in the rod
bundle section. For intermediate pipes and medium flow, linear interpolation is used in this transition
region, as discussed for small pipes.

For large pipes (0®m < D) at allflows, subroutine KATOKJ is called. The same three situations
(jg<0.5 j;=1.768, and0.5< j; < 1.768) are used as in intermediate pipes. Originally, large pipes used

the same correlations as intermediate pipes. During the developmental assessment of REPAP5-3D

using the Marviken test cas&<;336-1-34it \as found necessary to not use the EPRI correlation (even with
the modifications for downflow) for large pipes. Rather, the churn turbulent flow and Kataoka-Ishii
correlations were extended to include all flows for large pipes, resulting in improved results. The value

0.08 m for the switch between intermediate and large pipes is based on Kataokatishii was also for
these tests that the originap@rmula was replaced by the modified Rouhani correlation that is used in

TRAC-BF1. This is needed to give flat profiles at high mass fluxes, by decregsing C

After the appropriate correlation has been determined, based on the geometry and flow conditions,
the following limits on @ are applied:

1. Lower bound of zero.
2. Lower bound of 1 if,, < 0.
3. Upper bound of 1.33 if not a rod bundle.
4. Upper bound ofo(l
9

Limits (2) and (3) were added when it was found that the EPRI correlation gave too high a slip for
downflow conditions.

The next limit imposed is a CCFL limit, which was imposed by Putney. The limitation is based on
the Kutateladze condition in Equation (6.1-36), which results in Equation (6.1-37) fobeing

implemented (see Appendix 6A), using m =Thble 6.1-2is also the one used to obtain k4 and it

allows the Kutateladze condition (originally obtained from data for large-diameter pipes) to be applied for
small pipes. The reasons for using a CCFL limit are given below.

The drift flux models shown inTable 6.1-1were chosen on the basis of comparisons with void
fraction data for cocurrent up and downflow. In the absence of suitable data for countercurrent flow, it was
necessary to assume that the selected correlations would still be valid. While this is a reasonable
assumption for low void fractions, it is not obvious that the correlations include an adequate representation
of the flooding phenomenon at medium to high void fractions. To correct for such deficiencies, a CCFL is
placed on the drift flux parameters before they are used in the calculation of the interfacial friction
coefficients.

The CCFL model adopted is intended to represent CCFL in a straight, uniform flow channel and has
the effect of forcing the interfacial friction coefficients to yield phase velocities within or on an appropriate
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flooding curve. RELAP5-38 also has a user-controlled junction CCFL model which, if invoked, may
subsequently modify these velocities to account for flooding at a singularity in the channel geometry.
Provided that the drift flux correlation selected does not grossly underpreglithie combined treatment

should prove effective, as CCFL at a singularity in the channel geometry can be expected to be more
severe than CCFL in a uniform channel.

Note that the countercurrent flow form of the EPRI drift flux correlation is not used by the new
interfacial friction model. Instead, the upflow form is applied in conjunction with the CCFL model. The
reasons for this are twofold:

1. The evaluation of the countercurrent flow form of the EPRI correlation presents
considerable computational difficulties and could be extremely time-consuming. (An
example was brought to Putney’s attention where such a calculation slowed the code down
by a factor of 12.)

2. The CCFL model in the EPRI correlation is derived from flooding data for geometries
typical of a PWR core/upper plenum interface and a BWR inlet orifice, and thus may not
be appropriate for flooding in a straight, uniform flow channel.

The flooding limit for vy [Equation (6.1-37)] is interpolated with thegvfrom the drift flux
correlations, as follows:

1 Denoting the value of g obtained from the drift flux correlation ag;  and the value

obtained from Equation (6.1-37) aéfj” , a value corresponding to flooded conditions,
FL

Vg , is first determined from
Var = Vel for |G/ < G,
— ,DF |G| _ Gl R DF _ Ku DF
= Yy + G.—-G [mln(vgj » Vg )_ng ] for G1< |G| < Gz (61-38)
2 1
= min(vy, vg}) for |G| = G,

where G = 50 kg/nfes and G = 100 kg/nfes.

2. The value ofé(j used for the interfacial friction calculation is then determined from
DF
V., = V.
9 9 forog<a,
_ . DF  Og—=0y FL  DF
= Vg +a2—a1(vgj —Vg; ) foroa;<ay<a, (6.1-39)
fora,=a
g 2
— VFL

gj
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wherea; = 0.3 anc, = 0.5. Forog > a4 and |G| > @ a lower bound is placed og;wf 0.01 (1 -0g).

The values of G and G used in Equation (6.1-38) were chosen to prevent the CCFL model from

being applied in conjunction with the low flow correlations showTatle 6.1-1and to provide a smooth
transition between nonflooding and flooding conditions. This approach was adopted because, provided
that the flow regime is bubbly-slug, these low flow correlations should be valid in countercurrent flow.

Also, when simulating stagnant liquid conditions, RELAP5©3,Dmay predict a very small liquid
downflow. Consequently, if the CCFL model was applied for all countercurrent flow conditions, it could
override the void fraction correlations in an area where they are at their most accurate.

After these limits have been placed og),the interphase drag term 8 determined in subroutine
FIDISJ, as indicated in Equation (6.1-5). Two protections are also useg.4fQ; then Gis set to 100. If
for some reason subroutine FIDISJ was used for a horizontal pipe,ttseseCto 0.

6.1.3.2 Slug Flow

6.1.3.2.1 Model--For vertical slug flow, the drift flux model is used. For non-vertical slug flow, the
drag coefficient model is used.

The drag coefficient model will first be discussed. Slug flow for non-vertical geometry is modeled as
series of Taylor bubbles separated by liquid slugs containing small bubbles. A sketch of a slug flow pattern
is shown inFigure 6.1-1 The Taylor bubble has a diameter nearly equal to the pipe diameter and a length
varying from one to one hundred pipe diameters.
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Figure 6.1-1Slug flow pattern.
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Let ays be the average void fraction in the liquid film and slug region. The void fraction of a single
Taylor bubbleg, in the total mixture is then

99~ qgs (6.1-40)

a, =
° T 1-ag

The Taylor bubble frontal area per unit vqume%’a1 , Where L is the cell length. Consequently, the

interfacial area per unit volumeyeafor slug flow is

ay = %’+%m(l—ab) . (6.1-41)

To provide a smooth transition into and out of slug flaws [in Equation (6.1-40)] is considered as
a free parameter varying fromgg at the bubbly-to-slug flow regime transition to nearly zero at the
slug-to-annular-mist flow regime transition. The variation is represented by the exponential expression

Ogs = O(Bsexp[—BEﬁE} . (6.1-42)

The drag coefficient for Taylor bubbles in nonvertical slug flow is given by Ishii and Ch&fes
D 3
Cp = 10.95(1—ab) (6.1-43)

whereD' is the Taylor bubble diameter, amglis given by combining Equations (6.1-40) and (6.1-42).

From geometrical consideration%, is equal to the square rogt ©his is discussed in Section 4.1.1.

The drag coefficient for the small bubbles in nonvertical slug flow is given by Ishii and CAdifla
by Equation (6.1-23).

For vertical slug flow, the interphase drag and shear terms are calculated using the same drift flux
conditions used in vertical bubbly flow.

6.1.3.2.2 Code Implementation-- The coefficients for slug regime interphase drag as coded in
the PHANTJ, FIDIS2, and FIDISJ subroutines are tabulated in Appendix 6A. For nonvertical slug flows,
Appendix 6A shows the interphase area per unit volurgg ta have the same form and coefficient as

Equation (6.1-41). The first term forJs of the form of Equation (6.1-43) for the Taylor bubbles and uses
OT1p rather tharmmy,. The second term forgJs of the form of the bubbly £in Equation (6.1-23).
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For vertical slug flow, the coding matches the equations;fa€{>vy;, and .

Code results were compared to General Electric level swell experiments (see Volume 1l of this
manual). The code was shown to calculate void profiles similar to the experiments. Quantitative adequacy
will depend on the application.

6.1.3.3 Annular Mist

6.1.3.3.1 Model-- Annular mist flow is characterized by a liquid film along the wall and a
vapor/gas core containing entrained liquid droplets. dstbe the average liquid volume fraction of the
liquid film along the wall. Then, from simple geometric considerations, the interfacial area per unit volume
can be shown to be

C.. 60
= B2 —a,) V2 + B0 ) (6.1-44)

where G,nis a roughness parameter introduced to account for waves in the liquid wall film. Its form is
Cann = (300) Y8 . (6.1-45)

This gives a value near unity fag between 0.01 and 0.1, yet ensures @at -~ 0 a;as- 0

The termayy is the average liquid volume fraction in the vapor/gas core, for which

Otg = _—1_% , (6.1-46)

that is discussed in Section 4.1.1.

The term ¢ is the average diameter of the drops.

A simple relation (see Section 6.3) based on the flow regime transition criterion and liquid Reynolds
number is used to correlate the average liquid film volume fraction. For vertical flow regimes, the
entrainment relation is

ay = a,C exp[?.sxlo‘%ga—vggﬁ} (6.1-47)

C

where y is the entrainment critical velocity given by
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_ 3.2[og(p; —py)] "
¢ = - : (6.1-48)

Pg

For horizontal flow regimes, the entrainment relation is

Oy = O(foexp[— 4.0x10_5%\/3;vf|56:| (6.1-49)

gL

where y, is the horizontal stratification critical velocity given by Equation (3.1-2). The tefmsC
expressed as

D .25

The interfacial friction factor,;f for the liquid film takes the place of Cin Equation (6.1-9), is
described by a standard correlation in the laminar region, and is based on Wallis’ corfel&tiarthe
turbulent region. In the turbulent region, the Wallis correlation was modified to use the factor 0.02 rather

than 0.005. This is the value used in RELAP5/MGBE’ and it was selected because of the MOD1
assessment. It is based on the interfacial Reynolds number defined as

Re = PlYa=viD, (6.1-51)
Hg
where
D, = ay ’D (Dis the equivalent wetted diameter)
Hg = viscosity of the vapor/gas phase.

The values ofjfare

_ 64
" Re

_ (L,500- Re64  Re—50
01,000 [Re 0 1,000

for Rg <500

(Eb 02 1+ 15Q +( Fay)"’]} for 500< Re<1,500 (g 1.5

1
0 L0
= 0.0291+ 150 1-( 1—O(ff)2}D for Re 2 1,500
0 0
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The interfacial drag coefficientCfor the drops is given by Ishii and Chafiy® by Equations (6.1-23)
Hg

25
g

for

and (6.1-24), where fis the droplet diametep, is the vapor/gas densityp§), and p,, =
droplets.

6.1.3.3.2 Code Implementation-- The friction factor and interphase area per unit volume for
annular-mist flow, as coded in subroutine PHANTJ, are tabulated in Appendix 6A. Appendix 6A shows
the interphase area per unit volumg; @ have the same form and coefficient as Equation (6.1-44). The

only difference is that the appendix useggfdr the droplet diameter, whereas this section uggedthe
droplet diameter. The expression fog €hown in Appendix 6A has two terms. The first term fqg (S of
the form of { in Equation (6.1-52) for the liquid film. The second term fai S of the form of the droplet
Cp in Equation (6.1-23).

For an annulus component and a multid component (no drops option) in the annular mist regime, the
code assumes that all the liquid is in the film and that there are no drops. dfese; andagy = 0 are

used for an annulus. This was based on work by Schrieldon RELAP5-3[¥  calculations for UPTF
Test 6, who shows that this was necessary in order to get downcomer penetration following a cold leg

break. In addition, the Bharath&#3° correlation used in RELAP5/MOD2 was replaced by a standard
laminar correlation and the modified Wafli®correlation in the turbulent region for the interfacial drag
when in the annular-mist flow regime (for either an annulus or any other component). Schneider found this

was also necessary in order to get downcomer penetration in UPTF Test 6. This interphase drag approach
for an annulus component was also used in RELAP5/MODL.

For bundles in vertical annular mist flow or in vertical slug/annular mist transition flow, the
maximum of the interphase drag coefficient from the EPRI drift flux correlation (bubbly-slug flow) and
the interface drag coefficient from annular mist flow (friction factor/drag coefficient previously discussed)
is used. This was necessary to remove inaccurate low void fraction predictions in rod bundles. This was
incorporated in the code as the result of developmental assessment cases using bundle experiments
(FRIGG, THTF from ORNL, PERICLES, FLECHT SEASET, and ACHILLES).

6.1.3.4 Inverted Annular Flow Regime. Immediately downstream of a quench front or CHF
position, there may be an inverted annular flow region if the combination of liquid flow and subcooling is
high enough. The physical concept in the model is the presence of vapor/gas bubbles in the liquid core (just
as there are liquid drops in the vapor/gas region for annular mist flow) and an annular vapor/gas layer
between the walls and the core. log}y, be the volume of vapor/gas bubbles in the liquid core divided by

the volume of the core. This is given by

- Vgas core _ Vgas tot_Vgas ann (6 1_53)

a
gb
Vcore Vtot_vgas ann

Then, from simple geometric considerations, the interfacial area per unit volume can be shown to be
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C., 3.601
agf = %ﬁb'a—%l_ag,anrbl/z-"_a—'g—b(l_ag,ann) (6-1'54)
o
where
\/
Og ann = 220" (6.1-55)

The relation used to obtaig 5,,is shown in Appendix 6A asig. Cy, is obtained from Equation
(6.1-45), wherey 5nnis used in place af.

The interfacial friction factor,;f for the vapor/gas film takes the place qof @ Equation (6.1-9) and
is described by a correlation obtained by Bharathan &t&?for which

= 4[0.005 + 15
fi = 4[0.005 + A% )®] (6.1-56)
where
loggA = _0.56+ 9[')27 (6.1-57)
B = 1.63+ 4[';4 (6.1-58)
_ 1/2
5 = 6[%} . (6.1-59)

The termd” is the liquid wall film Deryagin number for which is the film thickness, and Dis the
dimensionless diameter Bond number [Equation (6.1-31)]. The film thickbésslefined in Appendix
6A.

The drag coefficient for the bubbles is the Ishii-Chawla correlation given by Equation (6.1-23).
Appendix 6A tabulates the equation.

6.1.3.5 Inverted Slug Flow. The inverted slug flow regime envisioned by DeJarlais and

Ishii®1-49 consists of bubble-impregnated liquid slugs flowing in a pipe core surrounded by a vapor/gas
blanket containing liquid droplets (s€&gure 3.2-3. The coded interfacial friction coefficients recognize

the liquid droplets, vapor/gas blanket, and liquid slugs but not the presence of bubbles in the slugs.
Contributions to the interfacial friction are recognized, then, as coming from two sources: (a) the liquid

droplet interfaces in the vapor/gas annulus and (b) the liquid slug/annulus interface. It is assumed,
apparently, that the liquid slugs are so long that any contributions to interfacial friction at their ends are
negligible.
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The interfacial areas for the annulus/droplet portion and the slug/annulus portion are derived
analogously to those for nonvertical slug flow, Section 6.1.3.2. The void fraction of the liquidoguts

analogous to that for a Taylor bubbtey,, and the average droplet void fraction in the vapor/gas blanket,
Ogrp IS @analogous to the average void fractien, in the liquid annulus for slug flow. That is, the

interfacial areas are computed for inverted slug flow by simply reversing the liquid and vapor/gas phases
from slug flow. The droplet void fractionpy., in the vapor/gas annulus is an expression that

exponentially increases the portionamfdue to droplets agg increases until the transition void fraction,
Ogp, Is reached, at which point all of the liquid is appropriately assumed to be in droplet form. The value
for the Weber number used is 6.0.

The drag coefficients for the annulus/droplet portion and the slug/annulus portion are analogous to
those for nonvertical slug flow, except that the liquid and vapor/gas phases are reversed. Appendix 6A
tabulates the equation.

6.1.3.6 Dispersed (Droplet, Mist) Flow Regimes.  The dispersed (droplet, mist) flow regime is
discussed in Section 6.1.3.1, Bubbly Flow. For mist pre-CHF, We = 3.0, and for mist and mist post-CHF,

My
25°

9
used1-8for the mist and mist post-CHF cases. In Appendix 6A this is shown as 0.05626 since the formula

We = 12.0. For mist pre-CHF, mist, and mist post-CHE, = A lower limit of Cp = 0.45 is

for %CD is shown. Appendix 6A tabulates the equations.

For bundles in vertical mist pre-CHF flow, the maximum of the interfase drag coefficient from the
EPRI drift flux correlation (bubbly-slug flow) and the interfase drag coefficient from mist pre-CHF flow
(friction factor/drag coefficient previously discussed) is used. This was necessary to remove inaccurate
low flow void fraction preditions in rod bundles. This was incorporated in the code as the result of
developmental assessment cases using bundle experiments (FRIGG, THTF from ORNL, PERICLES,
FLECHT SEASET, and ACHILLES).

6.1.3.7 Horizontally Stratified Flow Regime

6.1.3.7.1 Model--By simple geometric consideration, one can show that the interfacial area per
unit volume is

_ 4C,sind

ags "5 (6.1-60)

where G; is a roughness parameter introduced to account for surface waves and is set to one for the
interphase surface area per unit volume. (Sgere 3.1-2for the definition of anglé.)

The interface Reynolds number is defined with the vapor/gas properties and regarding liquid as the
continuous phase for which
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_ PglVg—Vi| D

R 6.1-61
8 m ( )
where the equivalent wetted diametey, fOr the interface is
_ agnmD i

This can be derived from simple geometric considerations (see Section 4.1.1) using
Tolg = 6 - sirbcod . (6.1-63)

The interfacial friction factor,;f replaces @ in Equation (6.1-9) and is obtained by assuming friction
factor relationships for which

o 64 0.3164 i
f; maxEReI , RQO'Z5D . (6.1-64)

The term—6—£l is for laminar flow an 3164

= is the Blasius formula for turbulent flow, which are
Re Re”

friction factors based on the Darcy approach used in RELAP8-3[Reference 6.1-4Ipresents these
factors using the Fanning approach; one needs to multiply by four to get the Darcy approach factors used
in Equation (6.1-64).

6.1.3.7.2 Code Implementation-- The friction factor and interphase area per unit volume for
horizontally stratified flow, as coded in subroutine PHANTJ, are tabulated in Appendix 6A. Appendix 6A
shows the interphase drag area per unit volurgg ta have the same form and coefficient as Equation
(6.1-60) with G;= 1. The expression for £in Appendix 6A is the same as Equation (6.1-64) for the
friction factor f.

6.1.3.8 Vertically Stratified Flow

6.1.3.8.1 Model--For the junction above a vertically stratified volume, the interphase drag is set to
a low number to help ensure that any drops donored up from the volume below will fall back down, thus
maintaining the level in the vertically stratified volume. This is accomplished by using the void fraction in
the volume above (mostly vapor/gas) for the junction void fraction needed to determine the junction
interphase drag. Similarly, for the junction below a vertically stratified volume, the interphase drag is set
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low. This is accomplished by using the void fraction in the volume below (mostly liquid) for the junction
void fraction needed to determine the junction interphase drag. The vertical stratification model is not
intended to be a mixture level model.

6.1.3.8.2 Code Implementation-- For the junction above the vertically stratified volume
(junction j in Figure 3.2-4), the interphase drag for the volume above (volume L) is used. This is

consistent with the junction-based interphase drag. This is obtained as follows: The void feaction used
in the junction j for the junction-based interphase drag is given by

O‘;,j = Wi O‘;,K +(1-w) a0y, (6.1-65)

and is similar to Equation (3.5-1), except tlogfy is replaced bw;, k - The termpis given by Equation
(3.5-2). This void fraction is given by

Oy = Strate ag  +(1—stra)s o, (6.1-66)

where strat takes on values from 0 to 1. For a vertically stratified volume, straing 1,= a4 | , and
04 = 04 . For a nonvertically stratified volume, strat =@, « = a4« ,amg,  is given 